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Sintesi della Tesi 
Centinaia di chilometri tra Monaco di Baviera e il mare più vicino, uniti alle temperature 
invernali, che non si possono di certo definire tropicali, non impediscono a un discreto 
numero di giovani abitanti di praticare la loro passione: il surf. Per praticare questo sport, 
sono state ricreate delle vere e proprie onde all’interno dei canali e corsi d’acqua che 
attraversano la città. Tra i luoghi più importanti ricordiamo Eisbach e Wittelsbacher Bruecke.           
In quest’ultimo, posto all’interno del fiume Isar, è stata studiata in collaborazione con 
l’Università di Monaco una nuova tecnologia per produrre onde artificiali, adatte al surf e al 
kayak, chiamata Tube6. Il progetto consiste nel costruire, all’interno dell’alveo, una rampa e 
una strutture mobile, che possa creare, per differenti condizioni di portata, delle onde di forma 
voluta (Figura 4 pag.20).  
L’interesse dell’Università di Monaco  a questo progetto non è casuale. Infatti sono diversi gli 
studi svolti  all’interno del Dipartimento di Costruzioni Idrauliche per ottenere “l’onda 
perfetta”. Uno di questi studi riguarda la possibilità di ricreare in un alveo artificiale, per 
portate costanti, un’onda frangente uguale a quelle marine, attraverso la costruzione di una 
rampa e di una particolare struttura. La forma della “wave structure” è stata studiata attraverso 
modelli matematici e poi testata grazie ad un modello fisico (Figure 5 e 6 pag. 20). Come si 
può intuire dalle figure riportate nella tesi, questa struttura ha un andamento molto particolare 
e questo può rendere difficoltosa la sua costruzione in scala reale.  
Lo scopo del nostro lavoro è trovare una struttura per le onde geometricamente più semplice 
ed economica, che possa ricreare, con la stessa portata e forma della rampa, delle onde uguali 
a quelle del modello Originale. Per raggiungere questo scopo andiamo a sostituire la struttura 
originale con dei blocchi parallelepipedi di gabbioni metallici, solitamente utilizzati per 
proteggere le sponde dei corsi d’acqua dall’erosione (Figura 1c-1 pag. 31). 
La prima fase della tesi consiste nello studio del comportamento fisico dell’onda nei canali a 
pelo libero. Diversamente dalle onde marine, dove l’interazione tra vento e superficie liquida 
prima, e la presenza del fondale marino poi, generano delle onde frangenti vicino alla costa, 
nei canali artificiali le onde possono essere ricreate sfruttando il fenomeno fisico del risalto 
idraulico. Questo è un fenomeno di moto permanente rapidamente variato che si manifesta 
ogniqualvolta una corrente supercritica o veloce, dominata dalle forze d’inerzia, diventa una 
corrente subcritica o lenta, dominata invece dalle forze di gravità (Figure 1a-1 e 1a-2        
pag. 22). La corrente veloce si espande improvvisamente, trasformando parte dell’energia 
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cinetica in energia potenziale, con aumento brusco del livello liquido, e dissipando la restante 
parte in calore, per lo sviluppo di vortici, turbolenze e moti secondari. Il risalto si può 
presentare in forme varie e differenti e può essere classificato tenendo presenti diversi 
parametri, come planimetria, pendenza di fondo e forma della sezione. Generalmente la 
classificazione è fatta basandosi solo sul numero di Froude della corrente di monte. Il numero 
di Froude non è altro che il rapporto tra le forze d’inerzia e le forze gravitazionali della 
corrente. Quando questo è maggiore di 1, ma inferiore a 1,7 , il risalto è solamente un 
incremento della profondità dell’acqua con un leggero disturbo della superficie liquida.    
Sopra questo range, all’aumentare del numero di Froude, la superficie diventa sempre più 
irregolare a causa di vortici e turbolenze presenti. La classificazione dei vari tipi di risalto 
sopra il valore 1,7 è stata fatta dall’ Ente americano U.S.B.R., che ha suddiviso i risalti in 
debole, oscillante, stazionario e forte (Figura 1a-3 pag. 24).  
Lo studio del risalto viene condotto generalmente su indagini di tipo sperimentale, utilizzando  
modelli fisici, o tramite studio analitico a carattere macroscopico, applicando ad un volume di 
controllo di dimensioni finite l’equazione della quantità di moto. Quest’ultimo approccio 
prevede innanzitutto di prendere  in considerazione un alveo con pendenza nulla e di 
considerare il volume d’acqua compreso tra le sezioni di monte e di valle, dove, 
rispettivamente, la corrente veloce e quella lenta sono indisturbate (Figura 1a-4 pag. 24). 
Nell’ipotesi di perdite distribuite nulle, fenomeno stazionario, distribuzione idrostatica delle 
pressioni e distribuzione uniforme delle velocità in corrispondenza delle due sezioni estreme, 
l’equazione può essere posta come la Equazione 1 riportata a pag. 25. Questa espressione è 
valida per qualsiasi forma della sezione. Per sezioni rettangolari, Belanger ha ricavato          
un’equazione semplice che lega il numero di Froude della corrente di monte con il rapporto 
tra le altezze coniugate (Equazione 3 pag. 26). Come si può vedere, all’aumentare di questo 
rapporto aumenta anche il numero di Froude. 
Le equazioni viste non possono essere applicate direttamente per canali con pendenza diversa 
da zero, questo perché la componente longitudinale del peso dell’acqua contenuta all’interno 
del volume di controllo non può essere trascurata per pendenze superiori al 10%.           
L’Ente americano U.S.B.R. ha condotto vari studi per definire le relazioni tra profondità 
liquida e lunghezza del risalto nelle diverse condizioni di pendenza di fondo (Figura 1a-6    
pag. 27). I  casi diversi da questi dovrebbero essere verificati con appositi modelli. 
Una volta illustrato teoricamente il risalto, schematizziamo il modello Originale con modelli 
unidimensionali per poter studiare il suo comportamento idraulico (Figura 1c-3 pag. 36).              
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Nello schema in alto è stata semplificata la situazione che si ha nella parte intermedia e finale 
dell’ostacolo, mentre nello schema in basso quella che si ha vicino alla sponda destra del 
canale. In entrambi gli schemi, la rampa ha il compito di trasformare la corrente lenta nel 
canale in arrivo in corrente veloce. Questo passaggio avviene perché la pendenza dell’alveo 
passa da essere inferiore a quella critica sul canale ad essere superiore a quella critica sulla 
rampa. In tale situazione, con progressiva accelerazione della corrente, si passa da una 
profondità di moto uniforme di monte ad una profondità, in condizioni di rampa con 
lunghezza infinita, di moto uniforme di valle. L’altezza critica è compresa tra queste due 
altezze ed il pelo libero deve necessariamente avere questa quota nella sezione terminale del 
canale in arrivo, la quale assumerà il ruolo di sezione di controllo sia per le correnti di monte 
che per quelle di valle (Figura 1b-2 pag. 30). Il punto di controllo nel nostro caso serve per 
poter tracciare il profilo di corrente veloce gradualmente accelerata presente sulla rampa 
(andamento qualitativo del profilo di tipo S2 è riportato in Figura 1c-2 pag. 33), per 
determinare poi l’altezza liquida a fine rampa y1’. Il tracciamento del profilo può essere fatto 
utilizzando l’equazione fondamentale alle differenze finite del moto gradualmente variato 
riportata a pagina 32 (Equazione 5).  
Da questo punto in poi il comportamento fisico dei due schemi è diverso. Nello schema A, la 
particolare forma della struttura produce una decelerazione della corrente, con conseguente 
innalzamento dell’altezza liquida, che può essere assimilato a quello di un alveo in 
contropendenza (profilo A3 di Figura 1c-2). La corrente non ha sufficiente energia per 
passare la testa della struttura e quindi, come si può vedere nella Figura 1a-8 pag.28, subito 
dietro il punto più alto ci sarà una corrente subcritica ed il profilo liquido è di tipo A2.         
Per tracciare questo profilo si può prendere come punto di partenza l’altezza liquida sulla testa 
della struttura, che, considerando il suo comportamento idraulico simile a quello di una soglia 
arrotondata, può essere assunta uguale all’altezza critica. Queste condizioni provocano sulla 
struttura il risalto idraulico. La particolare forma della stessa però incrementa l’altezza 
coniugata di monte e riduce l’altezza coniugata di valle. Considerando l’equazione del risalto 
di Belanger, la riduzione del rapporto delle altezze coniugate riduce il numero di Froude di 
monte e quindi il risalto sarà solo un incremento dell’altezza, con un profilo liquido regolare.  
Nello schema B invece, grazie alla particolare forma della struttura in questo tratto, la 
corrente ha sufficiente energia per superare l’ostacolo e quindi non si ha il risalto idraulico, 
ma solo una decelerazione. 
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Se si va a sostituire la struttura con un blocco parallelepipedo, il comportamento fisico è 
totalmente differente. Infatti, come si può vedere nella Figura 1c-4 pag. 37, il tratto 
orizzontale aumenta l’altezza liquida della corrente supercritica (profilo liquido H3), ma non 
rapidamente come l’alveo in contropendenza. Inoltre questo tratto non riduce l’altezza 
dell’acqua sfiorante dalla soglia (il profilo liquido della corrente lenta è di tipo H2), quindi 
l’altezza coniugata di valle è grande. Il rapporto delle altezze coniugate è decisamente 
maggiore del modello Originale: il risalto è forte.  
Il rapporto delle altezze può essere ridotto posando, prima del blocco parallelepipedo, uno o 
più blocchi intermedi. Questi blocchi devono avere un’altezza tale da incrementare la 
profondità della corrente veloce da monte, come nel caso tipico di corrente veloce che ha 
sufficiente energia per superare l’ostacolo (Figura 1c-5 pag. 38), e ridurre il livello liquido 
della corrente lenta che si accinge a sfiorare dal blocco principale (Figura 1c-6 pag 38).    
Come si può vedere da quest’ultima figura, la presenza di un blocco intermedio non influenza 
il comportamento idraulico della soglia sfiorante, che in questo caso può essere benissimo 
schematizzata come stramazzo in parete grossa, e quindi il carico a monte h  rimane lo stesso, 
riducendosi però la profondità liquida. Apportando questi cambiamenti vogliamo ottenere un 
risalto graduale come nel modello Originale (Figura 1c-7 pag. 39). Oltre all’altezza è 
importante la lunghezza dell’ostacolo intermedio, perché questa può influenzare la forma del 
risalto. 
Il dimensionamento di questa nuova struttura non può essere fatto utilizzando solo degli 
schemi di tipo unidimensionale, perché non solo le condizioni geometriche e idrauliche 
cambiano da sezione e sezione, ma con questi schemi non riusciamo a capire l’influenza tra le 
varie sezioni ed il comportamento del fluido vicino alla sponda sinistra del canale.              
Lo studio vero e proprio quindi viene fatto utilizzando un modello numerico tridimensionale,  
che ci permette di ricreare condizioni fisiche sempre più vicine al modello originale.      
Questo modello viene riprodotto grazie al programma software FLOW 3D. 
FLOW 3D è un software che simula i problemi fluidodinamici impiegando apposite tecniche 
numeriche per risolvere le equazioni del moto dei fluidi.  
Come conosciamo dalla teoria idrodinamica, in un continuo possono essere scritte le 
equazioni che esprimono l’equilibrio dinamico secondo la seconda legge del moto di Newton, 
la quale afferma che: il mutamento del moto (accelerazione) è proporzionale alla forza 
motrice impressa e segue la retta secondo cui tale forza è stata impressa. Prendendo in 
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considerazione  un cubetto di lato infinitesimo è possibile ricavare le tre equazioni indefinite 
dell’equilibrio dinamico. Considerando poi il legame costitutivo del fluido, che lega le 
tensioni alla viscosità del fluido ( leggi sperimentali di Newton sulla viscosità), si ottengono le 
equazioni di Navier-Stokes nelle tre direzioni principali: 
1
ߩ
߲݌
߲ݔ௜
൅ ݑ௜
߲ݑ௜
߲ݔ௝
൅
߲ݑ௜
߲ݐ
ൌ ߥΔଶݑ௜ ൅ ௜ܺ 
Dove: 
ߩ è la densità del fluido 
݌ è la pressione  
݅, ݆ ൌ 1,2,3 cioè le tre direzioni principali 
ݑ è la velocità 
ݐ è il tempo 
ߥ è la viscosità cinematica 
Δଶݑ ൌ  డ
మ௨
డ௫భ
మ ൅
డమ௨
డ௫మ
మ ൅
డమ௨
డ௫య
మ  laplaciano in coordinate cartesiane 
Queste espressioni esprimono l’equilibrio in un punto generico ed in un istante ben preciso. 
Le tre equazioni, unite all’equazione di continuità di Eulero,consentono, una volta integrate,di 
risolvere qualsiasi problema, perché determinano le quattro funzioni incognite: le tre 
componenti di velocità e la pressione del fluido. L’equazione di Eulero è stata ricavata 
imponendo che, in un intervallo infinitesimo di tempo dt, il volume di fluido entrante           
all’ interno di un cubetto di lato infinitesimo sia uguale a quello uscente dal cubetto stesso. 
L’equazione ricavata è la seguente: 
߲ݑଵ
߲ݔଵ
൅
߲ݑଶ
߲ݔଶ
൅
߲ݑଷ
߲ݔଷ
ൌ 0 
Come si può notare, le quattro equazioni sono non lineari e quindi difficili da trattare.            
Le soluzioni analitiche esatte sono possibili solo per pochi casi semplici.  
Una soluzione numerica di queste equazioni può essere fatta avvicinando i vari termini con 
espressioni algebriche, in modo da ottenere una soluzione approssimata del problema.    
Questo è quello che fa il programma FLOW 3D, con un processo che viene chiamato 
Simulation. 
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Il primo passo per creare un modello matematico con il programma è quello di fissare una 
maglia di calcolo, costituita da elementi interconnessi chiamate celle (Figura 2e-1 pag 46). 
Queste celle suddividono lo spazio fisico  in piccoli volumi e per ogni cella è associato un 
nodo. I nodi sono usati per memorizzare i valori delle incognite, come pressione, temperatura 
e velocità. La maglia è di fatto lo spazio numerico che sostituisce lo spazio fisico.               
Essa fornisce i mezzi per definire i parametri di flusso in posizioni discrete, stabilisce le 
condizioni al contorno e, naturalmente, permette lo sviluppo di approssimazioni numeriche 
delle equazioni del moto dei fluidi.  
FLOW 3D suddivide il dominio di flusso in una griglia di celle rettangolari appartenenti alla 
maglia di calcolo. Ogni cella è trattata come un cubetto di lato infinitesimo, come negli 
schemi di Euler e Navier-Stokes. Come si può vedere nella Figura 2e-2 pag. 47, in ogni cella 
di questo dominio sono riportati i parametri che regolano le equazioni del moto e di 
continuità; le tre velocità (u,v,w) e le aree delle facce (Ax,Ay,Az) sono considerate dal modello 
al centro di ogni faccia, mentre gli altri parametri al centro della cella. Tra questi parametri ce 
ne sono alcuni addizionali rispetto a quelli presenti nelle equazioni riportate sopra: D e q sono 
rispettivamente la dissipazione termica e la quantità di turbolenza per energia (per gli 
approfondimenti su questi due parametri rimandiamo al Manuale del programma [3]) mentre i 
parametri Vf e F, per noi decisamente più importanti, sono la frazione di volume della cella 
occupata dal flusso e la funzione che rappresenta il volume di fluido da esaminare (per noi 
acqua) per unità di volume. Il parametro Vf  è un termine addizionale nelle equazioni di 
continuità e del moto (vedere Equazioni 6 pag. 42 e 8 pag. 43); il parametro F è una funzione 
rispetto ai tre assi cartesiani e al tempo che soddisfa la Equazione 9 pag. 45. Grazie a questi 
due parametri è possibile applicare le equazioni del moto ad una cella non piena e poter 
ricostruire la superficie liquida della corrente. Entrambi i parametri si annullano nel caso in 
cui la cella sia occupata interamente dal fluido, o nel caso generale, da uno dei due fluidi 
presenti (il nostro modello prevede solo un fluido).  
Dal momento che i parametri fisici reali variano continuamente nello spazio, una maglia con 
una spaziatura tra i nodi fine fornisce una migliore rappresentazione della realtà rispetto ad 
una grana più grossa. Ridurre la spaziatura della maglia crea si un modello più affinato, ma 
allunga i tempi della simulazione, rendendoli molto spesso non accettabili. Il raggiungimento 
di un compromesso tra queste due problematiche porta a fissare una dimensione ragionevole 
della maglia. 
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La procedura base adottata dal programma per determinare il valore dei parametri incogniti, 
per ogni incremento di tempo δt , consiste in tre fasi: 
1. Le equazioni del moto, approssimate, sono risolte alle differenze finite per determinare 
la prima ipotesi di velocità alla fine dell’intervallo di tempo. Gli altri parametri sono 
imposti dalle condizioni a contorno o calcolati nell’intervallo di tempo precedente.    
Le equazioni che vengono semplificata dal programma sono le Equazioni 8 pag. 43; 
rispetto all’equazioni di Navier-Stokes sono presenti alcuni termini addizionali come 
Vf, R e ξ (sono termini che servono per il passaggio tra coordinate cartesiane a 
cilindriche, ma se utilizziamo le prime il programma li considera rispettivamente 
uguale a 1 e 0) oltre che Rdif e Rsor ( il primo è un termine di diffusione termica mentre 
il secondo serve per modellare il flusso attraverso le superfici porose; entrambi 
comunque trascurabili nel nostro problema). 
2. Soddisfare l’equazione di continuità (Equazione 6 pag. 42 o Equazione 7 pag.43).         
Le pressioni sono iterativamente regolate in ogni cella ed i cambiamenti di velocità, 
indotti da ogni variazione di pressione, sono aggiunti alle velocità trovate nel punto 1. 
L’iterazione è necessaria perché ogni variazione di pressione in una cella sconvolgerà 
l’equilibrio nelle sei celle adiacenti 
3. Infine, quando c’è una superficie libera, questa deve essere aggiornata con la 
Equazione 9 pag. 45 per avere una nuova configurazione del fluido 
Queste fasi vengono ripetute per ogni intervallo di tempo in cui il programma divide il tempo 
totale della simulazione. 
Un’approssimazione delle equazioni del moto, per il calcolo alle differenze finite, è la 
Equazione 10 pag. 49. Nelle equazioni il pedice rappresenta, in coordinate cartesiane i,j,k, la 
posizione della faccia della cella, mentre l’apice l’intervallo di tempo. Gli altri termini 
presenti sono: flusso advettivo di una data velocità (F), accelerazione viscosa (VIS), 
accelerazione viscosa sul muro (WS), perdite della corrente su un superficie (B) e 
accelerazione gravitazionale (G). 
Il programma prevede diversi modi per risolvere le equazioni del moto alle differenze finite.   
Il più semplice è quello del primo ordine , dove le Equazioni 10 vengono risolte inserendo i 
valori dei parametri ottenuti alla fase precedente e poi combinate con le equazioni di 
continuità. Un metodo più accurato è quello del secondo ordine, dove due distinti schemi di 
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approssimazione dell’equazioni di equilibrio vengono, prima risolti come nel primo ordine, 
poi combinati per trovare la velocità alla fine dell’intervallo temporale di calcolo n+1. Ancora 
più accurato è il metodo del secondo ordine monotonicity-preserving, dove le variabili in 
gioco in ogni cella, al tempo n+1, vengono assegnate utilizzando un approssimazione 
polinomiale al secondo ordine lungo le tre direzioni. Nella Equazione 11 pag.51 è 
rappresentata questa approssimazione, con la quale si determina, per una variabile Q lungo la 
direzione x, il valore che attraversa la faccia della cella. Nella formula Qi è il valore al centro 
della cella, C il numero di Courant, δxi la dimensione della cella ed A è l’approssimazione al 
secondo ordine per la derivata prima di Q. Fissando questa approssimazione, il programma 
calcola il valore di ogni variabile in una cella come somma delle quantità entranti, e 
successivamente, la quantità che esce in ogni direzione. 
Le approssimazioni  delle  equazioni alle differenze finite sono soggette alle dimensioni degli 
incrementi di tempo ߜݐ. In questo tipo di approssimazione si assume che i valori di tutte le 
variabili dipendenti avanzino nel tempo attraverso una successione di piccoli intervalli di 
tempo. Conoscendo i valori delle variabili in tutte le fasi, fino al passo n, è possibile stimare  
il tasso di variazione delle variabili. Ciò permette di stimare i valori delle variabile dipendente 
al passo n +1. La necessità di ߜt piccoli nasce dal fatto che la velocità di cambiamento di una 
variabile dipendente è di solito valutata in termini di differenza tra questa e il valore della 
stessa immediatamente vicina nello spazio. Con un aumento dell’intervallo di tempo, una 
variabile sarà influenzata non solo dai valori della stessa nelle immediate vicinanze, ma anche 
dai valori più distanti. Quindi ci deve essere un limite alle dimensioni dell’intervallo di tempo 
per poter assicurare la giusta precisione. Allo stesso tempo però degli intervalli 
eccessivamente piccoli possono portare a tempi di elaborazione lunghi.  
Il programma risolve questo problema imponendo, come condizione aggiuntiva alle equazioni 
del moto ed all’equazione di continuità, che l’intervallo di tempo sia inferiore al rapporto, per 
ogni cella, tra la velocità e la dimensione della cella, entrambe valutate lungo la direzione 
principale del flusso. Questa condizione garantisce una sufficiente rappresentazione del 
deflusso. 
Per poter avviare il calcolo abbiamo bisogno di fissare le condizioni a contorno (boundary 
condition). Le condizioni al contorno non sono altro che valori noti di una o più variabili nel 
tempo e nello spazio, solitamente posti agli estremi del dominio di calcolo, che ci permettono 
di rappresentare al meglio la realtà fisica del modello. Nel programma queste condizioni 
vengono imposte alle celle più esterne, le quali non vengono più considerate nel calcolo 
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iterativo visto precedentemente, perché i valori delle variabili, se non sono imposti, vengono 
assunte uguali a quelli delle celle adiacenti.  Considerando le celle comprese tra i=1 e i=2 , ed 
assumendo come superficie di contorno i=1, possiamo imporre, per esempio, le condizioni di 
muro (wall) a questa superficie, fissando, per ogni intervallo di tempo, le condizioni riportate 
alla Equazione 17 pag. 55.  Come si può vedere, viene annullata la componente ortogonale 
alla superficie della velocità, mentre per le altre variabili si assumono uguali a quelle della 
cella adiacente, che vengono determinate dal calcolo. Per quanto riguarda le velocità nelle 
altre direzioni, queste non vengono imposte ma calcolate. Altra condizione a contorno è  il 
flusso continuativo (Continuative outflow), dove si cerca di rappresentare il flusso che esce 
dal dominio senza disturbare i valori a monte. Se consideriamo sempre come superficie finale 
del dominio la superficie i=1 dello schema precedente, le condizioni a contorno che si fissano 
sono riportate alla Equazione 18 pag. 56. Queste condizioni vengono applicate dal 
programma solo alla fine di ogni calcolo iterativo, proprio per minimizzare gli effetti a monte. 
Se il deflusso è diretto verso l’interno del dominio si assumono le condizioni viste nella  
Equazione 18, tranne che per la componente normale della velocità alla superficie, che viene 
imposta uguale a zero per rendere più difficoltosa l’entrata del flusso. Un’importante 
condizione a contorno è fissare la pressione del liquido sulla superficie esterna del dominio 
(Pressure). Ci sono due tipi di pressioni che si possono utilizzare: statica e stagnante. Con la 
prima, la pressione è considerata più o meno continua lungo la superficie esterna e la velocità 
normale fissata uguale a zero. Al contrario, con la stagnante, si assegnano le condizioni 
stagnanti nella superficie esterna e quindi il valore della velocità, in ogni direzione, è uguale a 
zero.  
Oltre a quelle viste, e ad altre semplici, come imporre la velocità (Specified velocity) o la 
simmetria (Symmetry), dove alle celle di confine tra due domini si fissano gli stessi valori 
delle variabili delle celle adiacenti, possiamo fissare una condizione al contorno di flusso in 
uscita (Outflow). Questa condizione è molto utilizzata per i problemi di propagazione 
dell’onda di piena o l’investigazione dell’interazione tra le onde marine e le strutture, come ad 
esempio moli portuali, perché permette alle onde in uscita di abbandonare il dominio senza 
alcun disturbo. Per ricreare questa condizione il programma applica alle celle esterne la 
Equazione 19 pag 60. e la risolve alle differenze finite. Questa equazione rappresenta la 
continuità matematica per ogni variabile in gioco Q nella direzione del flusso. Nell’equazione 
il termine c  è la velocità locale di fase del flusso ondulare. Questo valore, ritenuto costante 
dal programma, viene determinato applicando la Equazione 19 alle celle adiacenti, dove i 
valori dei vari termini sono noti dalle iterazioni di calcolo. 
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Non meno importanti nella costruzione di un modello matematico con FLOW 3D sono la 
definizione degli ostacoli presenti, come nel nostro caso rampe e struttura per le onde.     
Questi sono ricostruibili indicando la frazione di volume occupato dal corpo solido e 
l’eliminazione dal calcolo delle celle completamente occupate. Quando gli ostacoli sono 
definite nel file di input, utilizzando il generatore di geometria FLOW-3D o file STL, le 
frazioni di volumi vengono calcolati automaticamente prima della simulazione. Per ottenere 
una risoluzione sempre più vicina alla realtà, è consigliato limitare le celle con frazioni di 
volume, perché il calcolo diventa più complesso e le possibilità di errore aumentano. 
Il primo modello riprodotto con il programma FLOW 3D è il modello Originale.           
Questo modello ci interessa perché vogliamo conoscere la forma dell’onda e il 
comportamento fisico della corrente nelle varie sezioni longitudinali, per poter poi fare dei 
confronti con le nuove soluzioni di struttura per l’onda. Nel paragrafo 2f pag. 61 sono 
illustrati i procedimenti per creare il modello con il programma; tali procedimenti vengono 
adottati anche per modellare le successive strutture.  
Il primo passo è ricostruire la struttura principale. In Figura 2f-2 pag. 62 è riportata la 
struttura disegnata con il programma di disegno RHINOCEROS. Come si può vedere, sono 
ricostruite la rampa e la struttura per l’onda, ed in più sono aggiunti degli elementi che 
servono a ricreare le stesse condizioni di flusso che si hanno nel modello fisico. Infatti, il 
tratto orizzontale di monte (Upstream horizontal bottom) serve a stabilizzare il flusso in 
arrivo, la struttura a forma di gobba (Bump structure) serve per garantire l’altezza critica 
all’inizio della rampa e il tratto orizzontale di valle (Downstream horizontal bottom) serve a 
ridurre l’influenza del salto finale. La struttura viene poi importata nel programma come file 
STL e definito per essa il dominio di calcolo (Figura 2f-3 pag. 63). Le dimensioni 
planimetriche del dominio vengono scelte in modo da ricoprire la struttura principale ed in più 
viene estesa la parte di monte, per poter applicare le condizioni a contorno. L’aggiunta di un 
ulteriore dominio a valle serve per ricreare le condizioni di deflusso dopo il salto finale.       
La scelta dell’altezza del dominio è un compromesso tra minimizzare il dominio di calcolo e 
garantire che le file di celle sopra il pelo libero dell’acqua siano almeno due, perché le 
condizioni al contorno influenzerebbero i risultati finali. Nella tabella a pag 64 sono riportate 
le dimensioni dei due domini. Dopo questo vengono fissate le dimensioni delle celle.       
Come abbiamo detto precedentemente, le dimensioni delle celle sono importanti per 
rappresentare al meglio la geometria e le condizioni di deflusso. Nel nostro caso le dimensioni 
sono state scelte per minimizzare il numero di celle occupate da frazioni di volume solido. 
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Nella Figura 2f-4 pag. 64 si possono vedere queste celle nei due domini (sono circa un 
milione); per il secondo dominio, dove la rappresentazione può essere più grossolana, le celle 
sono di dimensione doppia rispetto al primo ed inoltre, come illustrato dalla figura in basso, 
queste celle sono posizionate in modo da far confluire il fluido di due celle in una, condizione 
migliore per il calcolo alle differenze finite. In Figura 2f-5 pag. 65 è riportata la struttura 
riprodotta dalle celle; come si può vedere sono presenti alcune irregolarità, ma nel complesso 
è accettabile. Nella fase di pre-processamento è inoltre importante fissare le condizioni a 
contorno. Le condizioni di muro sono fissate lateralmente ai due domini mentre nella parte 
finale la condizione di flusso in uscita (Figura 2f-7 pag. 66). Per ricreare le stesse condizioni 
di flusso in entrata del modello fisico, dove una portata fissa viene garantita utilizzando una 
vasca con deflusso regolato da una luce a stramazzo, fissiamo sulle celle poste sul fondo del 
prolungamento di monte una velocità diretta lungo l’asse z. Il valore di questa velocità si 
ricava conoscendo la portata e l’area del prolungamento. Per le altre superfici rimaste viene 
imposta la condizione di simmetria.  
Una volta definite le caratteristiche del dominio di calcolo, si fissano le caratteristiche fisiche 
del modello, i tempi per poter avviare la simulazione e il metodo di risoluzione alle differenze 
finite. Le caratteristiche fisiche da fissare sono la gravità, la viscosità e turbolenza del flusso, 
ed inoltre la tensione superficiale della corrente. Quest’ultima rappresenta la capacità della 
superficie liquida di resistere alle forze superficiali esterne. Questa proprietà è causata dalle 
forze di coesione tra le molecole ed è responsabile di molti dei fenomeni liquidi, come ad 
esempio la capacita di sostenere corpi leggerissimi come gli insetti o impedire, fino ad un 
piccolo valore del carico, la tracimazione dell’acqua da una vasca. Nei modelli fisici 
l’analogia di Weber, stesso valore per il modello ed il prototipo del rapporto tra forze di 
inerzia e forze dovute alla tensione superficiale, viene considerata solo in alcuni casi, dove 
l’influenza della tensione superficiale non può essere trascurata. Il nostro modello è uno di 
questi, visto che la forma della superficie dell’onda in alcuni punti è molto curva. La durata 
della simulazione deve essere tale da stabilizzare il fenomeno, senza però eccedere di molto, 
perché questo allunga notevolmente i tempi di attesa del risultato. Il tempo può essere solo 
stimato: nel nostro caso si considera il tempo che impiega il flusso a percorrere tutta la 
struttura, con velocità considerata costante ed uguale a quella imposta nel prolungamento di 
monte del dominio. Il tempo fissato è 60 secondi. Gli  intervalli di tempo e il metodo di 
calcolo fissati sono riportati in Figura 2f-9 pag. 68. Il  programma ci richiede il valore 
minimo, massimo ed iniziale degli intervalli di tempo; se il calcolo iterativo esce fuori dai 
limiti previsti, il programma interrompe la simulazione.  
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A questo punto può partire la simulazione. L’efficienza e la cura della simulazione sono 
controllabili mediante alcuni indicatori riportati nella Simulation tab (Figura 2f-10 pag. 69). 
Alla fine della simulazione sono visibili i risultati in due ed in tre dimensioni. 
Le viste 3D sono importanti per fare una verifica generale della simulazione e per vedere 
l’onda come in un modello fisico. Il colore variabile nelle Figure pag. 71 descrive il valore 
del numero di Froude in ogni parte del flusso. Nel tratto orizzontale di monte il numero è 
inferiore a uno (la corrente è lenta), mentre alla fine della rampa è maggiore di uno (la 
corrente è veloce). Sopra la struttura a forma di gobba il numero è all’incirca uno, la corrente 
ha l’altezza critica. Nelle Figure pag. 72  il colore variabile del flusso rappresenta, 
rispettivamente, l’altezza liquida e la velocità del fluido in ogni punto. 
Con le viste 2D possiamo indagare il comportamento della corrente liquida in ogni sezione 
longitudinale, come se fossero tanti modelli unidimensionali. Nelle Figure pag. 73 sono 
illustrate due sezioni vicine al muro di destra. Come abbiamo detto sopra, la particolare forma 
della struttura  provoca solo un rallentamento della corrente supercritica. Nelle Figure pag.74 
si può vedere che nella parte intermedia della struttura avviene il risalto idraulico (si nota 
confrontando i colori del fluido, che rappresentano il numero di Froude, alla fine della rampa 
e sopra la struttura nella Figura 2f-18 pag. 74), e che questo risalto è veramente graduale.       
Si può notare in queste figure che il livello liquido sopra la struttura è lo stesso delle sezioni 
vicino al muro destro. Questo ci fa capire che la struttura si comporta come una luce a 
stramazzo, con una particolare forma della soglia. La schematizzazione del comportamento 
della struttura è confermata anche dalle Figure pag. 75, che riportano la situazione nella parte 
finale della struttura. Come si può vedere, il livello liquido che passa la testa dell’ostacolo è 
fissato, mentre la speciale conformazione di rampa e struttura in questo tratto provocano 
ugualmente un risalto molto graduale: il profilo liquido che ne consegue ha un andamento 
particolare, simile ad un onda frangente. 
Il modello matematico utilizzato per trovare la nuova soluzione è lo stesso, ma con alcune 
modifiche. Per prima cosa, la struttura per principale ha al posto della struttura per l’onda un 
tratto orizzontale, che serve come piano di posa dei blocchi (Figura 3a-1 pag. 76). Inoltre è 
accorciato il tempo di simulazione, perché quello fissato era troppo lungo, ed il dominio è 
modificato con l’aggiunta di un terzo dominio centrale (Figura 3a-2 pag. 77), per poter 
ricreare una migliore rappresentazione della nuova struttura e ridurre cosi le dimensioni delle 
celle di monte, dove una maggiore accuratezza di calcolo non è necessaria.   
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Nel Paragrafo 3b pag. 77 sono riportate le fasi di lavoro che ci permettono di arrivare alla 
soluzione finale. Il primo passo è trovare una struttura che provochi un risalto idraulico e che 
ricrei la stessa altezza liquida dell’onda del modello Originale. Per far questo, si approssima la 
sezione principale con tre blocchi (Figura 3b-1 pag.77), che chiamiamo grande (Biggest), 
intermedio (Average) e piccolo (Smallest). La Figura 3b-2 pag. 78 mostra l’andamento del 
profilo liquido in tre parti diverse della struttura. Nel caso a), vicino alla sponda destra del 
canale, è presente un risalto oscillante e la larghezza eccessiva del blocco grande produce un 
profilo decisamente non accettabile. Nel caso b), nella parte intermedia della struttura, il 
risalto idraulico è graduale (basta confrontare il colore del liquido con la scala riportata in 
alto) ma il suo profilo non è buono. Nel caso c), nella parte finale della struttura, il rapporto 
tra le due altezze coniugate al risalto è alto e quindi il risalto è forte. Tuttavia la profondità 
dell’acqua prima della struttura è la stessa del caso Originale. Per risolvere questi problemi si 
riduce la larghezza del blocco grande, per migliorare il profilo liquido sopra di esso, e si 
aumenta quella del blocco intermedio e piccolo per migliorare, rispettivamente, la forma 
dell’onda nel tratto intermedio e ridurre il rapporto delle altezze nella parte finale.            
Nella Figura 3b-3 pag.79 è riportata la prima soluzione adottata con queste modifiche 
(Solution A).  
Tra le prime tre soluzioni provate (visibili in Figura 3b-5 pag 81), la Solution C è quella che 
ci da risultati migliori. Infatti, con questa otteniamo una rotazione dell’onda veramente buona 
nella parte finale (Figura 3b-6 pag.81) e un rallentamento della corrente vicino alla sponda 
destra (Figura 3b-7 pag.82). In quest’ ultimo caso però la corrente sopra la struttura è troppo 
veloce e il suo profilo non è accettabile. 
Con le successive soluzioni (Solution D, E ed F) si cerca di risolvere questo problema vicino 
alla parete destra, cercando di mantenere la stessa rotazione dell’onda. La soluzione migliore 
è la Solution F, dove si riesce ad ottenere un profilo accettabile nella prima parte           
(Figura 3b-11 pag.84), ma non la rotazione dell’onda nella parte finale (Figura 3b-12 
pag.84). 
Le due soluzioni migliori fino ad ora sono la Solution C e la Solution F, la prima nella parte 
finale, la seconda nella prima parte.  Dal confronto di queste due soluzioni si capisce che il 
blocco intermedio influenza più di tutti il profilo dell’onda e che questo si comporta come un 
ostacolo in un canale a forte pendenza. Infatti, la corrente veloce che arriva dalla rampa riesce 
a superare in ogni tratto il blocco più piccolo, ma non il blocco intermedio. Nel tratto vicino al 
muro la corrente ha sufficiente energia per passare il blocco intermedio: l’altezza del blocco e 
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la posizione relativa tra questo blocco e quello più piccolo influenzano il profilo liquido 
(Figura 3b-13 pag.85). Nel tratto intermedio però la corrente, per passare il blocco 
intermedio, aumenta la sua altezza andando a provocare il risalto idraulico: la posizione 
relativa tra blocco piccolo e quello intermedio influenzano, non solo il tipo di risalto, ma 
anche la sua forma (Figura 3b-14 pag.86). Inoltre la posizione e l’altezza del blocco 
intermedio influenzano la rotazione dell’onda. Il blocco più grande invece, come si può 
vedere nelle figure menzionate sopra, si comporta sempre come un ostacolo in un canale a 
forte pendenza, quando la corrente ha sufficiente energia per passarlo: le sue dimensioni sono 
importanti per riprodurre un profilo dell’onda uguale al modello Originale. 
Tenuto conto di queste considerazioni, la Solution G (Figura 3b-15 pag.87) riesce a produrre 
un profilo liquido davvero buono nella prima parte e un accenno di rotazione nella parte finale 
(Figura 3b-16 pag.87).  
Per ottenere la rotazione nella parte finale proviamo a ridurre le lunghezze dei blocchi.     
Nella Solution H si riduce solo la lunghezza del blocco piccolo (Figura 3b-17 pag.88): si 
ottengono miglioramenti del profilo liquido nella parte intermedia della struttura (Figura 3b-
18 pag.89) e una rotazione più marcata dell’onda nella parte finale (Figura 3b-19 pag.90). 
Nella Solution I si riduce, rispetto alla Solution H, la lunghezza del blocco intermedio (Figura 
3b-20 pag.91). Il comportamento di questa soluzione è praticamente lo stesso della soluzione 
precedente, ma la rende migliore il fatto che possiamo utilizzare un blocco medio più piccolo. 
La Solution L invece ha lo stesso blocco piccolo e intermedio della Solution I ma un blocco 
grande ridotto (Figura 3b-21 pag.91). Come è visibile in Figura 3b-22 pag.92, questa 
soluzione produce una buona rotazione, ma non buona come la Solution C. 
Per ottenere una forma dell’onda uguale alla Solution C nella parte finale e un profilo liquido 
come nella Solution L nelle altre parti, creiamo una sezione composta delle due soluzioni.    
La nuova soluzione, Solution M, ha lo stesso blocco grande della Solution L e due differenti 
blocchi intermedi: quello più vicino alla parete con la stessa altezza e posizione relativa 
rispetto al blocco più piccolo della Solution L, mentre l’altro mantiene le stesse caratteristiche 
della Solution C (Figura 3b-23 pag.93). Il risultato ottenuto è una rotazione dell’onda vicina 
alla Solution C (Figura 3b-24 pag.94) ed un profilo nelle altre parti simile alla Solution L. 
La Solution M riproduce veramente una buona onda, come si può vedere  nella Figura 3b-25 
pag.95. Se confrontiamo questa soluzione con il modello originale, possiamo vedere che nella 
prima è presente un flusso molto turbolento vicino alla sponda sinistra del canale rispetto alla 
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seconda. Il motivo  sta nel fatto che la struttura originale, grazie alla sua particolare forma, 
permette un passaggio facile dell’acqua sopra di essa, mentre nell’altro caso, il deflusso sopra 
la struttura è più difficoltoso, quindi gran parte dell’acqua sfrutta il passaggio laterale vicino 
alla sponda sinistra. Questo flusso laterale non permette di ricreare una rotazione dell’onda 
adeguata nella parte finale della struttura. 
Le soluzioni adottate adesso sono tutte rivolte a ridurre questo flusso laterale. Con le soluzioni 
N e O (Figura 3b-27 pag.96) si cerca di ridurre il flusso laterale allungando il blocco più 
piccolo. La Solution O riduce di molto la turbolenza laterale rispetto alla Solution N (Figura 
3b-28 pag.97), ma non si ha la rotazione finale, cosa che è presente con questa ultima 
soluzione. 
Con la Solution P proviamo a ridurre l’influenza del flusso laterale sulla rotazione dell’onda 
tagliando l’angolo finale del blocco più piccolo (Figura 3b-29 pag.97), mantenendo le stesse 
dimensioni della struttura della Solution N. Questo accorgimento ci permette di migliorare 
l’onda (Figura 3b-30 pag.98), rendendola simile al modello Originale, ma il flusso laterale è 
ancora troppo forte. 
Per ridurre ulteriormente il flusso andiamo a diminuire la larghezza della struttura nella parte 
retrostante, permettendo cosi ad una portata d’acqua maggiore di passare sopra di essa.   
Infatti, la struttura si comporta come uno stramazzo in parete grossa. Se riduciamo la 
larghezza, il comportamento idraulico si avvicina sempre più ad uno stramazzo in parete 
normale e quindi il valore del coefficiente di deflusso aumenta. 
Osservando il comportamento del deflusso nella parte retrostante nella soluzione 
precedentemente vista e confrontata con il modello Originale, si testano due soluzioni, 
Solution Q (Figura 3b-31 pag.99) e Solution R (Figura 3b-32 pag.99). Come si può vedere 
dalla Figura 3b-34 pag.101 , nella  Solution R l’onda riprodotta ha un profilo liquido più 
regolare, sia davanti che dietro la struttura, rispetto alla Solution Q. Inoltre questa soluzione 
riproduce un onda frangente molto vicina al modello Originale.  
Nelle Figure 3b-35 e 3b-36 vengono evidenziate le differenze geometriche tra la Solution R, 
per noi la soluzione finale, e il modello Originale. Nelle Figure 3b-37, 3b-38 e 3b-39 sono 
visibili le differenze tra questi due modelli nelle viste 2D, mentre nella Figura 3b-40 pag.107 
si può fare un confronto dei due con le immagini 3D. 
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L’ultima fase della tesi è testare la soluzione finale con un modello matematico più 
complesso; il modello utilizzato precedentemente è un compromesso tra ottenere un accurata 
risoluzione e ridurre i tempi di simulazione. Con un modello più complesso pensiamo solo a 
ricreare delle condizioni sempre più vicine alla realtà fisica. Per far questo abbiamo dimezzato 
le dimensioni del dominio tre ed uno ed aggiunto un nuovo dominio tra il tre e il due, per 
garantire la continuità alle differenze finite vista sopra (Figura 3c-1 pag.109). Le celle 
computazionali sono poco più di quattro milioni. Come si può vedere dalla Figura 3c-2 
pag.110  la struttura è riprodotta veramente in modo accurato dalle celle (basti fare il 
confronto tra questa figura e la Figura 3b-32 pag.99). Nelle pagine 111 e 112 è possibile 
vedere la forma dell’onda ottenuta con questo modello. La presenza di un maggior numero di 
celle permette di catturare movimenti del profilo liquido che difficilmente sono visibili con un 
modello meno complesso e quindi, in alcuni punti, sono riscontrabili alcune differenze. 
Comunque l’andamento generale dell’onda rimane lo stesso. 
In conclusione possiamo affermare che la soluzione trovata, Solution R, è sicuramente quella 
che cercavamo: la struttura crea un’onda frangente simile alle onde marine e lo fa con una 
geometria decisamente più semplice rispetto al modello Originale. Tuttavia l’onda ricreata 
non è “perfetta” come in quest’ultimo modello. Infatti, vicino al muro di destra del canale, il 
profilo non è regolare, questo perché i tre blocchi fanno aumentare repentinamente il livello 
liquido. Per rendere più regolare il profilo, un possibile miglioramento può essere costruire 
una serie di blocchi, posizionati in modo tale da creare una specie di scalinata. Grazie a questa 
“scalinata” è possibile aumentare gradualmente il livello. Questa soluzione però andrebbe 
verificata, perché potrebbe disturbare l’onda nelle altre sezioni e comunque sarebbe 
geometricamente più complessa rispetto alla nostra soluzione finale.  
Inoltre la rotazione dell’onda, nella parte finale, presenta alcune irregolarità. Questo problema 
è dovuto al fatto che la struttura a blocchi crea sempre un inevitabile turbolenza laterale. 
Infine aggiungiamo che questa struttura debba essere verificata con un apposito modello 
fisico: il modello matematico ricreato da FLOW 3D è sicuramente un’ottima rappresentazione 
della realtà, ma le approssimazioni fatte possono influenzare i risultati nei punti dove il 
deflusso è più irregolare, come ad esempio nel tratto di turbolenza vicini alla sponda sinistra.  
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Introduction 
Surfing in Munich 
There are hundreds of kilometres away from the nearest ocean, and the  temperature of the 
water ranges from a chilly 8C (46F) in October to a frigid 4C (39F) in April and down to 1C 
(34F) in the depths of winter, but that does not stop the surfers riding that have found a couple 
of spots to cut the breakers on standing waves in the heart of the city of Munich. 
The story goes that American 
soldiers stationed at the 
former barracks nearby (now 
the Haus der Kunst) first tried 
surfing Munich's wave after 
missing the board-bound 
action back home [4]. 
The real first attempt to surf 
on a river occurred in 
Germany on 5th of 
September 1975. Two 
brothers from the small 
Bavarian town of Trostberg 
headed to Munich to search out a surfable wave. The Pauli brothers, Arthur and Alexander, 
were the first to surf the Flosslaende on the Iser River in the heart of Munich. They 
accomplished this without the use of a rope. Within a short period of time word spread 
throughout Munich that there was indeed a surfable wave in the city. The local scene began 
growing from that point. Because the river wave happens to be near a local campsite traveling 
surfers began having a crack at the wave, Australians, South Africans and Americans are 
counted amongst the pioneers of the Flosslaende river wave. 
The growth of river surfing in Munich was so rapid that before 1975 could end Munich was 
the scene of the first river surfing competition. With such a growth of the sport over a few 
months the local riders of Munich founded the first organization dedicated to river surfing, the 
Muenchen Wellenreiter E.V. (Munich Waveriders Association). Currently there are about 400 
surfers riding in Munich, with more new people constantly becoming involved.  
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Munich has also shown how this sport can grow and support local industry as a surf shop, and 
several shapers have popped up in Munich to help supply the surfing demand of the city. 
Since Alexander and Arthur Pauli´s September adventure to the Flosslaende another 3 surf 
spots have been pioneered in Munich including, Eisbach, Grosshesseloher Bruecke, and 
Wittelsbacher Bruecke [6].  
The Eisbach is considered to be the best wave in Munich. The wave is about 1 m high and 
about 12 m wide. Here the wave is creating by submerged concrete blocks under the bridge to 
break up the current.  The wave, if left to it is own devices, is unstable and can sometimes 
disappear for months at a time. The instability is due to variations in the amount of water 
flowing in the river, as well as the 
build-up of silt. Several people in the 
local community, however, found that 
planks of wood can be used to shape 
and stabilize the wave. These planks 
are "hung" in the flow, suspended via 
ropes attached to the bridge arches. 
 If you look below the bridge you’ll see 
a couple of ropes with submerged 
planks trailing through the water 
(Picture 2).  
 The Floßlände is a wave on the canal that joins the Isarkanal with the Floßlände. The wave is 
perhaps around 50cm high, smaller than the one on the Eisbach. This makes it more suitable 
for beginner. 
The  Wittelsbacherbrücke is a 
wave that forms on the river Isar 
just downstream of the 
Wittelsbacherbrücke bridge in 
Isarvorstadt.  The wave only 
appears during very high water, 
after lots and lots of rain. 
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Usually it can't be surfed immediately because of all the junk that gets washed down with the 
floods. Surfing is only safe a few days after high water comes. The wave is only surfable for a 
few days a year [5]. 
Here, there is a project to build “The perfect wave” called Tube6.  The Tube6 technology      
(in co-operation with Technische Universität München) creates a perfect breaker in running 
waters. This wave, which is similar to an ideal surf wave in the ocean, can be surfed with 
kayaks and standard 
surfboards. Variable built-
in elements permit 
controlling the height of 
wave and shape. Ideally 
adapted conditions can be 
made available to a wide 
range of users, from 
beginners to advanced 
surfers [7]. 
 
 
                                                                       Picture 4: Project of “perfect wave” in Wittelsbacherbrücke (taken sources 7) 
Our project 
The search for the perfect wave continues and at the TUM (Technische Universität München) 
there are many project of wave in the river and artificial channel. One of these is the project of 
surfing wave in an artificial cannel. Here, the particular conformations of ramp and wave 
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structure make a wave like the ocean ones. In the following Pictures we can see the physical 
and numeric model. The latter was elaborated by CFX software program.  
As we can see in the Picture 5, the shape of wave structure is particularly complex and it is 
very difficult to build in a full-scale. 
In our project we are looking for a wave structure more economy than the original project that 
it can make the same perfect wave. The new simple structure will be composed by a series of 
blocks that, in a full-scale, they can be built using the metallic gabions. 
The study of new structure is elaborated by the FLOW- 3D software program              
(FLOW SCIENZE).  
FLOW-3D provides 
flow simulation 
solutions for engineers 
investigating the 
dynamic behaviour of 
liquids and gases in a 
wide range of industrial 
applications and 
physical processes. 
FLOW-3D is a 
powerful modelling 
tool that gives engineers valuable insight into many physical flow processes. With special 
capabilities for accurately predicting free-surface flows [3]. 
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Chapter one: Theory of artificial wave 
1a) Introduction- Hydraulic jump 
The physic behaviour of the wave in open channel is not the same of ocean ones, where 
before the interaction water-wind and then the presence of ocean bed generate a series of 
break waves. The river wave can be generated thanks to hydraulic jump. 
A hydraulic jump is a phenomenon in the science of hydraulics which is frequently observed 
in open channel flow such as rivers and spillways. When liquid at high velocity (super-critical 
flow) goes into a zone of lower velocity (sub-critical flow), a rather abrupt rise occurs in the 
liquid surface. The rapidly flowing liquid is abruptly slowed and increases in height, 
converting some of the flow's initial 
kinetic energy into an increase in 
potential energy, with some energy 
irreversibly lost through turbulence to 
heat. In an open channel flow, this 
manifests as the fast flow rapidly 
slowing and piling up on top of itself 
similar to how a shockwave forms [1]. 
The hydraulic jump can be illustrated by use of a specific energy diagram as shown in   
Picture 1a-2. The flow enters in the jump at supercritical velocity, V1, and depth y1, that has a 
specific energy of              
E = y1 + V12/(2g).         The 
kinetic energy term, 
V2/(2g), is predominant. As 
the depth of flow increases 
through the jump, the 
specific energy decreases. 
Flow leaves the jump area 
at subcritical velocity with 
the potential energy, y, 
predominant [9]. 
The kinds of jump depend on Froude number of the upstream flow. The Froude number is a 
dimensionless number defined as the ratio of a body's inertia to gravitational forces.  
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The next Picture shows the ranges of 
hydraulic jumps and their 
characteristics: A) Prejump stage (Fr 
number between 1.7 and 2.5); B) 
Transition stage (Fr number between 
2.5 and 4.5); C) Range of Well-
balanced jumps (Fr number between 
4.5 and 9.0); and D) Effective jump 
but rough surface downstream (Fr 
number higher than 9.0). 
An oscillating form of jump occurs 
for Froude numbers between 2.5 and 
4.5. The incoming jet alternately 
flows near the bottom and then 
along the surface. This results in 
objectionable surface waves that can 
cause erosion problems downstream 
from the jump. 
A well balanced and stable jump 
occurs where the incoming flow 
Froude number is greater than 4.5. Fluid turbulence is mostly confined to the jump, and for 
Froude numbers up to 9.0 the downstream water surface is comparatively smooth. Jump 
energy loss of 45 to 70 percent can be expected. With Froude numbers greater than 9.0, a 
highly efficient jump results but the rough water surface may cause downstream erosion 
problems [9]. 
The hydraulic jump´s equation can be defined only for the horizontal channel.              
The Picture 1a-4 indicates the control 
volume used and the forces involved. Control 
section 1 is before the jump where the flow is 
undisturbed, and control section 2 is after the 
jump, far enough downstream for the flow to 
be again taken as parallel. Distribution of 
pressure in both sections is assumed 
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hydrostatic. The change in momentum of the entering and exiting stream is balanced by the 
resultant of the forces acting on the control volume, pressure and boundary frictional forces. 
Since the length of the jump is relatively short, the external energy losses (boundary frictional 
forces) may be ignored without introducing serious error. Also, a channel may be considered 
horizontal up to a slope of 18 percent (10 degree angle with the horizontal) without 
introducing serious error. The momentum equation provides for solution of the sequent depth, 
y2, and downstream velocity, V2. Once these are known, the internal energy losses and jump 
efficiency can be determined by application of the energy equation [9].  
The general form of the momentum equation can be used for the solution of the hydraulic 
jump sequent-depth relationship in any shape of channel with a horizontal bottom. Defining a 
momentum quantity as M = Q2/(gA) + AY and recognizing that momentum is conserved 
through a hydraulic jump, the following can be written: 
Q2/(gA1) + A1Y1 = Q2/(gA2) + A2Y2                          (1) 
where, 
Q = channel discharge, m3/s (ft3/s) 
A1, A2 = cross-sectional flow areas in sections 1 and 2, respectively, m2 (ft2) 
Y1, Y2 = depth from water surface to centroid of cross-section area, m (ft) 
The depth from the water surface to the centroid of the cross-section area can be defined as a 
function of the channel shape and the maximum depth: Y = Ky. In this relationship, K is a 
parameter representing the channel shape while y is the maximum depth in the channel. 
Substituting this quantity into Equation 1 and rearranging terms yields: 
A1 K1 y1 - A2 K2 y2 = (1/A2 - 1/A1) Q2/g 
Rearranging and using Fr12 = V12 /(gy1) = Q2 /(A12 gy1), gives: 
A1 K1 y1 - A2 K2 y2 = Fr12 A1 y1 (A1 /A2 -1). 
Dividing this by A1 y1 provides: 
K2 A2 y2 /(A1 y1) - K1 = Fr12 (1 - A1 /A2)                            (2) 
This is a general expression for the hydraulic jump in a horizontal channel [9].  
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corresponding to the depth y2 at F. It becomes apparent that the jump will form between G 
and F. 
Case B) the jump in a channel having a break in the bottom slope that changes from steep to 
mild, it is assumed that the flow is uniform in the channel except in the reach between the 
jump and the break. The jump may occur in either the steep channel or the mild channel, 
depending on whether the downstream depth y2 is greater or less than the depth y´1 sequent to 
the upstream depth y1 . If the depth y2 is greater than y´1 , the jump will occur in the steep 
region. If the depth y 2 is lowered approximately to less than y1 , the jump will start to move 
into the mild channel. 
Case C) the jump behind an obstacle in a slope channel. The flow does not have enough 
energy to pass the obstacle and, as a consequence, it necessarily undergoes a transition from 
super-critical to sub-critical regime. A stationary hydraulic jump occurs far from the obstacle 
and a subcritical backwater profile is established after the jump. The backwater profile, along 
which E increases, allows for the minimum specific energy to be achieved at the section just 
before the obstacle. In this situation, a “strong interaction” between the flow and the obstacle 
occurs. Hence, the sufficient condition to occur is 
E0 < Emin 
 
 
 
 
 
 
 
 
Picture 1a-8: E0 < Emin(taken sources 13) 
The same behaviour is in a mild channel but the jump occurs after the obstacle. 
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If supercritical conditions are maintained at the obstacle, then the specific energy of the 
undisturbed approaching flow must be greater than Emin,  
E0 ≥ Emin 
 
 
 
 
 
The obstacle will be crossed by a standing swell in the form of single ondular surface rise 
which will not be followed by further undulation [1].  
1b) Hydraulic jump in the Original project   
The Original project is an application of hydraulic jump. The model was built in a rectangular 
channel width 0,7 m and it is projected for a discharge of 37,7 l/s.   
 
    
 
 
   
 
 
 
 
 
Picture 1b-1: Physical model of the channel (taken sources 8) 
The jump is made thanks the ramp and the wave structure. 
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The slope of the ramp makes a running water passage from subcritical to supercritical regime. 
The Picture 1b-2 shows a simplification model. The flow profile passes through critical depth 
near the break in slope (section 1). This is true whether the upstream slope is mild. If, at 
section 2, the total head is computed, assuming normal depth on the steep slope, it would plot 
(point a on the sketch) 
above the elevation of the 
total head at section 1. This 
is physically impossible, 
because the total head line 
must slope downward in the 
direction of flow. The 
actual total head line will 
take the position shown, 
and have a slope approximately equal to Sc at section 1 and approaching slope S0 farther 
downstream. The drop in the total head line hf between sections 1 and 2 represents the loss in 
energy due to friction. At section 2 the actual depth d2 is greater than dn because sufficient 
acceleration has not occurred and the assumption of normal depth at this point would clearly 
be in error. As section 2 is moved downstream so that total head for the normal depth drops 
below the pool elevation above section 1, the actual depth quickly approaches the normal 
depth for the steep channel [10]. In our case it is impossible because the ramp is not so long to 
make the normal depth. Also important is the shape of ramp which channelling the super-
critical flow perpendicular to the wave structure. The most important part of project is the 
wave structure. The hydraulic 
comportment of structure is the 
same of the case C in the 
previous paragraph. Indeed this 
is like an obstacle in a slope 
channel and the flow, that does 
not have enough energy to pass 
it, undergoes a transition from 
super-critical to sub-critical 
regime. However, the 
particular shape of the structure 
makes a very graduated jump with only a slight disturbance of the water surface.  
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Even, near the right wall of the channel, there is not a jump but the super-critical flow is just 
decelerated. That is because the upstream flow increases its depth on the structure like an 
adverse slope and the shape reduces the depth of water below the top of structure. This 
produces, considering the Equation 2 in the previous paragraph, a very clean jump or just a 
slowing of the flow, where the profundity of water is less than the critical height on the crest 
of the structure (more explanations are in the following paragraph). 
The typical breaker wave is made thank to the different form of jump in each width section. 
Also there is a part of running water near the left wall of channel. This flow is very turbulent.  
1c) Hydraulic jump in the New project 
In the New project we change the wave structure with a simpler one, constituted by series of 
metallic gabion. These are 
composed by steel wire-
mesh basket to hold stones 
or crushed rock and 
generally are used to 
protect a bank or bottom of 
river from erosion. They 
are easier and cheaper to 
build than the firsts but it 
is impossible recreate by it 
the same perfect shape of 
the original structure. So 
the laying of the metallic 
gabion must be projected to recreate the same hydraulic behaviour of the Original.  
If we take a simplify one-dimensional model (slope of ramp parallel to rectangular channel 
and uniform shape of obstacle in each width section), we can study the problem utilising the 
Belanger´s equation for one- dimensional hydraulic jump 
y2/y1=1/2[(1+Fr1²)1/2-1] 
and draw the water profile with the equation of gradually varied flow. The latter is found 
assuming that the change in energy with distance is equal to the friction loses  
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the Bernoulli equation is 
 
differentiating and equating to the friction slope  
     or                               (4)                                                                        
where So is the bed slope. 
Knowing that the specific energy change with depth  
And combining this whit Equation 4 gives 
                                                              (5)    
 
This is the basic equation of gradually varied flow. It describes how the depth y, change whit 
distance x, in terms of the bed slope S0, friction Sf , determined whit Manning´s formula, and 
the discharge Q.  
For a given discharge, Sf and Fr² are functions of depth 
 
 
A quick examination of these two expressions shows that they both increase whit A and then 
with y. We also know that when we have uniform flow      Sf=So and y=yn 
So  
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From these inequalities we can see how the sign dy/dx changes [1] [12].    
In the Picture 1c-2 are shown all the possible surface profiles for all possible slopes of 
channel (there are 15 possibilities).  
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Before one of the profiles discussed above can be decided upon two things must be 
determined for the channel and flow: 
a) Whether the slope is mild, critical or steep. The normal and critical depths must be 
calculated for the design discharge 
b) The position of any control points must be established. Control points of known depth 
or relationship between depth and discharge 
Once these control points and depth position has been established the surface profiles can be 
drawn to join the control points with the insertion of hydraulic jumps where it is necessary to 
join sub and super critical flows that don not meet at a critical depth [1] [12].  
All of the gradually varied flow profiles shown above may be quickly solved by simple 
numerical technique. There are two basic numerical methods that can be used [1][12]. 
a) Direct step-distance from depth 
b) Standard step method-depth from distance 
Direct step will calculate, by integrating the gradually varied flow equation, a distance for a 
given change in surface height. 
The equation used is Equation 5, which written in finite difference form is: 
 
 
The steps in solution are: 
I. Determinate the control depth as the starting point 
II. Decide on the expected curve and depth change if possible 
III. Choose a suitable depth step Δy 
IV. Calculate the term in brackets at the “mean” depth (yinitial+Δy/2) 
V. Calculate Δx 
VI. Repeat IV and V until the appropriate distance 
This method is most utilized in the prismatic channel 
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Standard step method will calculate, by integration the gradually varied flow equation, a depth 
at a given distance up or downstream. 
The equation used is Equation 4, which written in finite difference form is 
 
The steps in solution are similar to the direct step method shown above but for each Δx there 
is the following iterative step: 
I. Assume a value of depth y  
II. Calculate the specific energy EsG 
III. Calculate Sf 
IV. Calculate ΔEs using the previous equation 
V. Calculate ΔEs(x+Δx) =Es+ΔEs 
VI. Repeat until ΔEs(x+Δx) = EsG 
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Knowing the equations of jump and gradually varied flow in one-dimensional, it is possible to 
study the hydraulic difference between Original and New model. In the Picture 1c-3 there are 
two simply models of Original project.  
Picture 1c-3: Simplify model of Original project 
The shape of obstacle produces the jump  in the case (A). Which we can see in the previous 
paragraph, the upstream flow passes from sub to super-critical. The profile of water can be 
identified as of S2 type on the ramp and its depth is y1´at the end. This depth can be 
determined using the direct step numeric method, where the control point is the critical depth 
at the beginning of the ramp. After that the running water pass on the obstacle that it has a 
shape as the variable adverse slope; the profile is A3 type and the depth increase. The flow 
does not have sufficient energy to pass the obstacle and there must be the sub-critical just 
before the highest part of the structure, how it is show in the case C paragraph 1a. Here, the 
profile of water is A2 type and can be drawn beginning to the control point at the top of the 
structure.  There will be the jump on the “adverse slope”. The particular shape of the structure 
makes a very low ratio y2/y1 and then the Fr1 is too low. The jump is just an increase of water 
level.  
In the case (B) there is the same comportment of previous on the ramp but there is not the 
jump. That is because the running water is just decelerated by the shape of obstacle              
and the profile A3 comes to the top of the structure. We can see this behaviour in the width 
sections near the right wall of Original Model. 
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If we change the wave structure with a metallic gabion in the main longitudinal section, the 
hydraulic behaviour will be the same of following Picture. 
 
Picture 1c-4: Hydraulic behaviour of New project 
The depth of rectangular block has to be tall enough to makes the hydraulic jump. The 
horizontal bottom increase the water depth but less than the adverse slope. There is the critical 
level on the structure and this is a control point to draw the curve H2 by the direct step 
numeric method. Without wave structure the ratio y2/y1 and Fr1 are tall. The jump is visible 
and turbulent.   
The ratio can be reduced by laying of one or more halfway block just before the biggest one. 
These steps must have a small depth to just increase water level like a case of flow over a 
raised bed hump [12]. For solve this problem, we can use the specific energy equation for 
rectangular channel 
 
The Bernoulli equation is written in terms of specifies energy  
Ho1 = Ho2+Δh 
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These points are marked on the Picture 1c-5. Point Q1 on the curve corresponds to the specific 
energy in the horizontal 
bottom, but point Q2 or point P2 
on the graph may correspond to 
the specific energy over the 
hump.  All point between the 
horizontal bottom and the 
hump lie on the specific energy 
curve between point Q1 and Q2 
or P2. To reach point P2 then 
this implies that Ho1-Ho2 > Δh 
which is not physically 
possible. So point Q2 on the 
curve corresponds to the 
specific energy and the flow 
depth over the hump 
                                                          Picture 1c-5: Raised bed hump and graphic specific energy (taken sources 13) 
Also, these steps reduce the water level just before the main step. The biggest step works like 
a broad crested weir here. 
This weir has a horizontal or sloping crest, where the crest is the edge or surface over which 
the water flows, sufficiently long in the direction of flow that the flow pressure distribution is 
hydrostatic [9].  
 
 
 
 
 
 
Picture 1c-6: Broad crested weir 
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The discharge across a weir is: 
Q = Cd B H3/2 
where: 
Q  =   Discharge, m3/s (ft3/s) 
Cd  =   Coefficient of discharge for weirs, (for broad crested is 0.385) 
B  =   Flow length across the weir, m (ft) 
H  =   The head on the weir, m (ft).  The depth of flow above the weir crest upstream       
of the weir (typically measured a distance of about 2.5H upstream of the weir) 
In the Picture 1c-6 we can see that, for a given discharge, the presence of second step do not 
influence the head h but reduce the water level. 
These two facts (increase of y1 and decrease of y2) reduce the ratio and thus Fr1.  
Picture 1c-7: Solution with two steps   
Also we can understand that the length of smaller step is important for the shape of jump.  
With the correct laying of one or more step we can recreate the same wave of the original 
case. However, the study of the real case cannot be makes with these simple schemes in one-
dimension. For solve this problem, we use the software program FLOW 3D.  
FLOW 3D consent us to study the problem with a tree-dimension model. In the follow 
chapter is illustrate the characteristic of the program.   
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Chapter two: FLOW 3D software program 
2a) Introduction   
FLOW-3D is a software that simulating the fluid dynamic problems. It employs specially 
developed numerical techniques to solve the equations of motion for fluids to obtain transient, 
three-dimensional solutions to multi-scale, multi-physics flow problems. An array of physical 
and numerical options allows users to apply FLOW-3D to a wide variety of fluid flow and 
heat transfer phenomena. 
Fluid motion is described with non-linear, transient, second-order differential equations.      
The fluid equations of motion must be employed to solve these equations. The science of 
developing these methods is called computational fluid dynamics. A numerical solution of 
these equations involves approximating the various terms with algebraic expressions.         
The resulting equations are then solved to yield an approximate solution to the original 
problem. The process is called simulation. An outline of the numerical solution algorithms 
available in FLOW-3D follows the section on the equations of motion. 
Typically, a numerical model starts with a computational mesh, or grid. It consists of a 
number of interconnected elements, or cells. These cells subdivide the physical space into 
small volumes with several nodes associated with each such volume. The nodes are used to 
store values of the unknowns, such as pressure, temperature and velocity. The mesh is 
effectively the numerical space that replaces the original physical one. It provides the means 
for defining the flow parameters at discrete locations, setting boundary conditions and, of 
course, for developing numerical approximations of the fluid motion equations.              
The FLOW-3D approach is to subdivide the flow domain into a grid of rectangular cells. 
A computational mesh effectively discretizes the physical space. Each fluid parameter is 
represented in a mesh by an array of values at discrete points. Since the actual physical 
parameters vary continuously in space, a mesh with a fine spacing between nodes provides a 
better representation to the reality than a coarser one. We arrive then at a fundamental 
property of a numerical approximation: any valid numerical approximation approaches the 
original equations as the grid spacing is reduced. If an approximation does not satisfy this 
condition, then it must be deemed incorrect. 
Reducing the grid spacing, or refining the mesh, for the same physical space results in more 
elements and nodes and, therefore, increases the size of the numerical model. But apart from 
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the physical reality of fluid flow and heat transfer, there is also the reality of design cycles, 
computer hardware and deadlines, which combine in forcing the simulation engineers to 
choose a reasonable size of the mesh. Reaching a compromise between satisfying these 
constraints and obtaining accurate solutions by the user is a balancing act that is a no lesser art 
than the CFD model development itself. 
Rectangular grids are very easy to generate and store because of their regular, or structured, 
nature. Non-uniform grid spacing adds flexibility when meshing complex flow domains. The 
computational cells are numbered in a consecutive manner using three indices: i in the x-
direction, j in the y-direction and k in the z-direction. This way each cell in a three-
dimensional mesh can be identified by a unique address (i, j, k), similar to coordinates of a 
point in the physical space. 
Structured rectangular grids carry additional benefits of the relative ease of the development 
of numerical methods, transparency of the latter with respect to their relationship to the 
original physical problem and, finally, accuracy and stability of the numerical solutions. The 
oldest numerical algorithms based on the finite difference and finite volume methods have 
been originally developed on such meshes. They form the core of the numerical approach in 
FLOW-3D. The finite difference method is based on the properties of the Taylor expansion 
and on the straightforward application of the definition of derivatives. It is the oldest of the 
methods applied to obtain numerical solutions to differential equations, and the first 
application is considered to have been developed by Euler in 1768. The finite volume method 
derives directly from the integral form of the conservation laws for fluid motion and, 
therefore, naturally possesses the conservation properties. 
FLOW-3D can be operated in several modes corresponding to different limiting cases of the 
general fluid equations. For instance, one mode is for compressible flows, while another is for 
purely incompressible flow situations. In the latter case, the fluid density and energy may be 
assumed constant and do not need to be computed. Additionally, there are one fluid and two 
fluid modes. Free surface can be included in the one-fluid incompressible mode. These modes 
of operations correspond to different choices for the governing equations of motion. 
Free surface exists in many simulations carried out with FLOW-3D. It is challenging to model 
free surfaces in any computational environment because flow parameters and materials 
properties, such as density, velocity and pressure experience a discontinuity at it. In FLOW-
3D, the inertia of the gas adjacent to the liquid is neglected, and the volume occupied by the 
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gas is replaced with an empty space, void of mass, represented only by uniform pressure and 
temperature. This approach has an advantage of reducing the computational effort since in 
most cases the details of the gas motion are unimportant for the motion of much heavier 
liquid. Free surface becomes one of the liquid’s external boundaries. A proper definition of 
the boundary conditions at the free surface is important for an accurate capture of the free-
surface dynamics [3]. 
In the following paragraphs will be illustrate the main equations and solution methods used by 
the program. Finally will be described, step by step, the modeling of Original project by 
FLOW-3D.     
2b) Mass Continuity Equation 
The general mass continuity equation used in FLOW-3D is the Euler´s equation with some 
additional terms: 
(6) 
 
where VF is the fractional volume open to flow, ρ is the fluid density, RDIF is a turbulent 
diffusion term, and RSOR is a mass source. The velocity components (u, v, w) are in the 
coordinate directions (x, y, z) or (r, θ, z). Ax is the fractional area open to flow in the x-
direction, Ay and Az are similar area fractions for flow in the y and z directions, respectively. 
The coefficient R depends on the choice of coordinate system in the following way.        
When cylindrical coordinates are used, y derivatives must be converted to azimuthal 
derivatives, 
 
This transformation is accomplished by using the equivalent form 
 
where  y = rmθ and rm is a fixed reference radius. When Cartesian coordinates are to be used, 
R is set to unity and ξ is set to zero. 
The first term on the right side of Equation 6, is a turbulent diffusion term, 
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where the coefficient υp is equal to cpμ/ρ , in which μ is the coefficient of momentum 
diffusion  and cp is a constant whose reciprocal is usually referred to as the turbulent Schmidt 
number. This type of mass diffusion only makes sense for turbulent mixing processes in fluids 
having a non-uniform density. 
The last term, RSOR, on the right side of Equation 6 is a density source term that can be used, 
for example, to model mass injection through porous obstacle surfaces. 
Compressible flow problems require solution of the full density transport equation as stated in 
Equation 6. For incompressible fluids, ρ is a constant and Equation 6 reduces to the 
incompressibility condition [2] [3]. 
                           (7) 
 
2c) Equations of motion  
The equations of motion for the fluid velocity components (u, v, w) in the three coordinate 
directions are the Navier-Stokes equations with some additional terms: 
(8) 
In these equations (Gx,Gy,Gz) are body accelerations, (fx, fy, fz) are viscous accelerations, (bx, 
by, bz) are flow losses in porous media or across porous baffle plates, and the final terms 
account for the injection of mass at a source represented by a geometry component. 
The term Uw=(uw,vw,ww) in Equation 8 is the velocity of the source component, which will 
generally be non-zero for a mass source at a general moving object (GMO).  
The term Us=(us,vs,ws) is the velocity of the fluid at the surface of the source relative to the 
source itself. It is computed in each control volume as 
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where dQ is the mass flow rate, RHOQSR fluid source density, dA the area of the source 
surface in the cell and n the outward normal to the surface. When δ=0.0 in Equation 8 the 
source is of the stagnation pressure type. If δ=1.0, the source is of the static pressure type. 
At a stagnation pressure source, fluid is assumed to enter the domain at zero velocity. As a 
result, pressure must build up at the source to move the fluid away from the source.           
Such sources are designed to model fluid emerging at the end of a rocket or a deflating 
balloon. In general, stagnation pressure sources apply to cases when the momentum of the 
emerging fluid is created inside the source component, like in a rocket engine. 
At a static pressure source the fluid velocity is computed from the mass flow rate and the 
surface area of the source. In this case, no extra pressure is required to propel the fluid away 
from the source. An example of such source is fluid emerging from a long straight pipe. Note 
that in this case the fluid momentum is created far from where the source is located. 
The distinction between those two types of mass sources is important when the force acting 
from the fluid on the source component must be computed accurately. For a variable dynamic 
viscosity μ, the viscous accelerations are 
 
 
 
 
where 
 
 
 
 
In the above expressions, the terms wsx, wsy and wsz are wall shear stresses. If these terms 
are omitted, there is no wall shear stress because the remaining terms contain the fractional 
flow areas (Ax, Ay, Az) which vanish at walls. The wall stresses are modeled by assuming a 
zero tangential velocity on the portion of any area closed to flow. Mesh and moving obstacle 
Artificial wave for surfing modelled with the FLOW 3D software program                                   Chapter two 
UNIVERSITA’ DEGLI STUDI DI PISA                                                                    45 
  
boundaries are an exception because they can be assigned non-zero tangential velocities. In 
this case, the allowed boundary motion corresponds to a rigid body translation of the 
boundary parallel to its surface. For turbulent flows, a law-of-the-wall velocity profile is 
assumed near the wall, which modifies the wall shear stress magnitude.  
The dynamic viscosity, μ, can be assigned constant molecular values for each fluid in a one or 
two fluid problem. In mesh cells containing a mixture, the viscosity is evaluated as a volume 
fraction weighted average of the constant values. In the single-fluid model the fluid can 
consist of two components, each with its own constant density and viscosity. In this case, the 
mixture fluid viscosity is evaluated as a volume fraction weighted average of the two 
constants. Furthermore, fluid viscosity can be a function of solid fraction for partially 
solidified fluids. 
When the turbulence option is used, the viscosity is a sum of the molecular and turbulent 
values. If the viscosity, μ, is zero, no viscous stresses are computed [2] [3].  
2d) Fluid interfaces and Free-surface 
Fluid configurations are defined in terms of a volume of fluid (VOF) function, F (x,y,z,t).   
This function represents the volume of fluid #1 per unit volume and satisfies the equation 
(9) 
where 
 
The diffusion coefficient is defined as υF = cFμ/ρ where cF is a constant whose reciprocal is 
sometimes referred to as a turbulent Schmidt number. This diffusion term only makes sense 
for the turbulent mixing of two fluids whose distribution is defined by the F function. 
The term FSOR corresponds to the density source RSOR in Equation 6; FSOR is the time rate of 
change of the volume fraction of fluid #1 associated with the mass source for fluid #1. 
The interpretation of F depends on the type of problem being solved. Incompressible 
problems must involve either a single fluid with a free-surface or two fluids and no free-
surfaces. For a single fluid, F represents the volume fraction occupied by the fluid. Thus, fluid 
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exists where F=1, and void regions correspond to locations where F=0. "Voids" are regions 
without fluid mass that have a uniform pressure assigned to them. Physically, they represent 
regions filled with a vapor or gas whose density is insignificant with respect to the fluid 
density. 
Two-fluid problems may be composed of either two incompressible fluids or one 
incompressible and one compressible fluid. F represents the volume fraction of the 
incompressible fluid component in either case, which is referred to as fluid #1. The 
complementary region with volume fraction, 1-F, represents fluid #2 and may have either a 
constant density or its density is computed from the compressible fluid equation-of-state [3]. 
2e) Numerical approximations 
The finite-difference mesh used for numerically solving the governing equations consists of 
rectangular cells of width δxi depth δyj and height δzk. The active mesh region has IBAR cells 
in the x-direction labeled with the index i, JBAR cells in the y-direction labeled with the index 
j, and KBAR cells in the z-direction labeled with the index k. This region is surrounded by 
layers of fictitious or boundary cells used to set mesh boundary conditions. Thus, there are 
usually (IBAR + 2)(JBAR + 2)(KBAR + 2) total cells in a complete mesh. If periodic or 
specified pressure boundary conditions are used in a given coordinate direction, however, one 
additional layer of boundary cells is used in that direction. This fact must be remembered only 
when setting dimension statements. The preprocessor will automatically initialize the 
necessary number of boundary cells needed to satisfy all boundary conditions.              
The Picture 2e-1 illustrates the cell labeling nomenclature. 
 
 
 
 
 
 
 
Picture 2e-1: Mesh arrangement and labeling convention (taken sources 3) 
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Fluid velocities and pressures are located at staggered mesh locations as shown for a typical 
cell in the Picture 2d-2: u velocities and fractional areas Ax at the centers of cell-faces normal 
to the x-direction, v velocities and 
fractional areas Ay at the centers 
of cell-faces normal to the y-
direction, and w-velocities and 
fractional areas Az at the centers 
of cell-faces normal to the z-
direction. Pressures (p), fluid 
fractions (F), fractional volumes 
(V), densities (ρ), internal energy 
(I), turbulence quantities for 
energy (q), dissipation (D), and 
viscosity (μ) are at cell centers. 
The finite-difference notation used here corresponds to that used in the code where fractional 
index values cannot be used. The convention is that all fractional indexes are decreased to the 
nearest whole integer. For example, the u velocity at i + ½ which is located on the cell-face 
between cells (i, j, k) and (i+1, j, k), is denoted by . A superscript n refers to the n-th 
time-step value. Similarly, 
= fluid fraction at center of cell (i, j, k) at time level n. 
= pressure at center of cell (i, j, k) at time level n. 
(Similarly for ρ , I, q, D, and μ.) 
= x-direction velocity at middle of i + ½  cell-face at time level n. 
= y-direction velocity at middle of j + ½ cell-face at time level n. 
= z-direction velocity at middle of k + ½ cell-face at time level n. 
Fractional areas and volumes appear with the following notation: 
AFRi,j,k = fractional area Ax for flow in x-direction at i + ½  cell-face. 
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AFBi,j,k = fractional area Ay for flow in y-direction at j + ½ cell-face. 
AFTi,j,k = fractional area Ax for flow in z-direction at k + ½  cell-face. 
VFi,j,k = fractional volume for flow at center of cell (i, j, k). 
When free surfaces or fluid interfaces are present, it is necessary to distinguish those cells that 
are empty, contain a surface, or are full of one fluid. By definition, a surface cell is a cell 
containing fluid #1 and having at least one adjacent cell (at i ± 1, j ± 1, or k ± 1) , that is 
empty or full of fluid #2. A cell with an F value less than unity, but with no empty neighbor, 
is considered a full cell in one-fluid problems. A flag NFi,j,k is used to label the cells and 
also, in the case of surface cells, to indicate which neighboring cell lies in the direction of the 
inward normal to the surface. NF is used to indicate the orientation of the surface between two 
fluids in an analogous manner [3] . 
 
The basic procedure for advancing a solution through one increment in time, δ t, consists of 
three steps: 
1. Explicit approximations of the momentum equations, Equation 8, are used to compute 
the first guess for new time-level velocities using the initial conditions or previous 
time-level values for all advective, pressure, and other accelerations. 
2. To satisfy the continuity equation, Equation 6 or Equation 7, when the implicit option 
is used, the pressures are iteratively adjusted in each cell and the velocity changes 
induced by each pressure change are added to the velocities computed in Step 1. 
Iteration is needed because the change in pressure needed in one cell will upset the 
balance in the six adjacent cells. In explicit calculations, iteration may still be 
performed within each cell to satisfy the equation-of-state for compressible problems. 
3. Finally, when there is a free-surface or fluid interface, it must be updated using 
Equation 9 to give the new fluid configuration.  
Repetition of these steps will advance a solution through any desired time interval. At 
each step, of course, suitable boundary conditions must be imposed at all mesh, obstacle, 
and free-boundary surfaces.  
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A generic form for the finite-difference approximation of Equation (8) is: 
(10) 
Here: 
 
 
and 
 
The advective, viscous, and acceleration terms have an obvious meaning., FUX means the 
advective flux of u in the x-direction; VISX is the x-component viscous acceleration; BX is the 
flow loss for a baffle normal to the x-direction; WSX is the viscous wall acceleration in the x-
direction; and GX includes gravitational, rotational, and general non-inertial accelerations [3]. 
The simplest FLOW-3D finite-difference approximation is first-order accurate in both space 
and time increments. In this case the advective and viscous terms are all evaluated using old-
time level (n) values for velocities. Wall shear stresses are implicitly evaluated as described 
below. Because the pressures at time level n+1 are generally unknown at the beginning of the 
cycle, these equations cannot be used directly to evaluate the n+1 livel velocities but must be 
combined with the continuity equation. In the first step of a solution, the pn+1 value in these 
equations are replaced by pn values to get a first guess for the new velocities. In an explicit 
approximation the pressure gradient in Equation 10 is evaluated at time n, therefore further 
adjustment to p does not influence the evaluation of un+1. 
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The advantage of these first-order approximations is that they are simple and easy to keep 
computationally stable. For a great many applications they also provide good solutions. In 
some cases, however, it may be too costly to use the mesh resolution necessary for an 
accurate first-order solution. When this happens, it may be useful to employ a second-order 
accurate approximation for the advective and viscous accelerations. Two optional second-
order approximation schemes for the momentum equations can be requested through the input 
data. The essence of the first scheme is a double pass through the advection and viscous 
subroutines. In the first pass, the first-order method is used with the donor cell parameter 
α=1.0. These new velocities are then stored in the arrays for the previous time velocities.    
The first-order calculations are then repeated, but this time the parameter is set to α=-1.0. 
Finally, the results of the two calculations are averaged to give the desired second-order 
approximation to the new time-level velocities. 
These approximations are second-order in time because the first pass uses time-n velocities, 
while the second pass uses (first-order) approximations for velocities at time n+1.              
The average then has level n + ½, which is second-order in δ t. Likewise, using α = + 1.0 in 
the first pass and α = -1.0 in the second results in an average α-value of zero, which is second-
order in dx, dy, dz if the mesh is uniform.  
This algorithm is the least numerically diffusive of the three advection methods available in 
FLOW-3D. However, it does not possess the transportive property, which in standard 
upstream differencing schemes ensures that a flow disturbance only propagates downstream 
from its initial location. Finally, this method may occasionally generate a numerically 
unstable solution for flows with transient free-surfaces. 
The other higher order advection algorithm in FLOW-3D is based on a second-order, 
monotonicity-preserving upwind-difference method. It is as robust as the original first-order 
advection scheme. It requires slightly more CPU time than the first-order method, although in 
most cases the difference is insignificant. 
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The monotonicity-preserving method may be applied in FLOW-3D to approximate 
momentum advection, as well as density, energy and fluid fraction advection. The higher-
order discretization scheme is derived by using second-order polynomial approximations to 
the advected quantity in each of the coordinate directions. For a variable Q advected in the x-
direction, the value fluxed through a cell-face, Q*, is computed as 
                 (11) 
where Qi is the cell-centered value, C is the Courant number, , and δxi is the cell size. A 
is a second-order approximation to the first derivative of Q at the location  
 
within the cell. Coefficient A can easily be computed from two neighboring first derivatives 
by linear interpolation provided these derivatives are second-order accurate. The latter can be 
achieved by computing the derivatives at the midpoints between Qi locations; for example, 
 
is a second-order accurate first derivative of Q at the point between Qi and Qi+1. With this 
approach it is easy to extend the higher-order, monotonicity-preserving method to non-
uniform grids. 
An advantage of Equation 11 is that the first term on the right side gives the usual first-order 
donor-cell approximation. Thus, the second-order approximation, which is generated by the 
addition of the second term on the right side of Equation 11, can easily be made an option in a 
computer program. 
To ensure monotonicity, it is necessary to restrict the value of the derivative A. The value of A 
is not allowed to exceed twice the minimum magnitude of the centered Q derivatives used in 
its computation 
(12) 
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Furthermore, if Qi is a local minimum or maximum value - that is, if the two centered 
derivatives appearing in Equation 12 are of opposite sign - then A is set to zero and the donor-
cell approximation is used [3]. 
Explicit finite-difference approximations used to solve time-evolution equations are subject to 
limits on the size of the time increment. In this type of approximation it is assumed that the 
values of all dependent variables are advanced in time through a succession of small time 
intervals. Knowing the variable values at all steps, up to and including step n, they can then be 
used to estimate the rates-of-change of the variables. This makes it possible to estimate what 
the dependent variable values will be at step n+1, which corresponds to a small time δt later 
tn+1=tn + δt. 
The need for small δt in this type of approximation arises because the rate-of-change of a 
dependent variable is usually evaluated in terms of differences between that variable and the 
values of its immediate neighbors in space. With an increasing time step size, a variable 
would be expected to be influenced not just by its immediate neighbors but by values located 
increasingly further away. Therefore, there must be a limit on the size of time advancement δt 
to insure stability and accuracy. 
While explicit finite-difference equations are simple to use, their requirement for limiting the 
time-step size δt can sometimes lead to long computation times. To overcome this limitation, 
it may be desirable to resort to an implicit finite-difference method that eliminates the 
troublesome time-step restriction. The basic idea is to include in the approximation of the 
rate-of-change of a variable the values of variables at the advanced time level n+1. Since the 
level n+1 values that one is trying to compute now depend on those same values, the 
difference equations are said to be implicit. 
A locally implicit method exists in FLOW-3D to approximate advection terms in the fluid 
transport equations. The implicit treatment can be applied selectively in time and space thus 
minimizing the overhead and inaccuracies associated with implicit methods in general. 
Consider a simple one-dimensional scalar advection equation, 
 
The corresponding upwind finite-difference equation based on donor advection (u>0) is, 
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(13) 
where 
(14) 
A time level has not been specified in the approximation for the rate-of-change Aj. An explicit 
approximation using the n-level values for S would have a stability limit requiring δt to be less 
than δx/u. 
To add implicitness we now expand Aj into a Taylor series with respect to Sj. Neglecting the 
terms of the order higher than one, we obtain 
 
From Equation 14 we have 
 
Now Equation 13 can be recast into 
 
The advection flux now contains Sjn+1 adding a degree of implicitness to it. Let us check the 
stability of this approximation. An asymptotic δt test to check unconditional stability says 
divide by δt and let it go to infinity. In this limit the first term disappears, and the result is a 
new equation for the change in S, 
(15) 
which means that the modified equation is unconditionally stable (as long as the coefficient 
∂A/∂S is not zero). In fact, the resulting equation looks like the original explicit expression 
except that the time step has been replaced by the reciprocal of ∂A/∂S. This new “time step” is 
precisely the limiting time step for explicit stability, δx/u, therefore, the approximation of 
Equation 15 is essentially stable. 
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If we don’t take the limit of infinite time step we have a new, locally implicit, unconditionally 
stable, finite-difference equation for the advancement of S, which can be written as 
(16) 
This approximation remains stable for all time-step sizes because it effectively replaces the 
time step by a new one that is always less than that necessary for explicit stability.       
Equation 16 still has the same steady-state solution, namely A=0, when Sn+1=Sn. Since the 
flux term in this equation is not coupled to the time n+1 values of the adjacent cells, no 
iterations are necessary to solve it.  
This method is a simple scheme for generating an implicit numerical approximation of 
advection fluxes having an unconditional stability. It maintains the upstream dependence 
expected of advection, while limiting the flux to essentially one grid cell per time step. When 
activated, the method is applied to all fluid transport equations. 
Because the difference approximation only involves the values of neighboring quantities and 
does not include an iterative process, the locally implicit advection may not be very accurate 
when the time-step size becomes too large, i.e., an unrestricted implicitness can lead to 
inaccuracies. Large gradients of an advected quantity, like fluid fraction at the free surface, 
may also result in significant numerical errors in the implicit method. 
To reduce these inaccuracies the under-relaxation is limited to only those locations where a 
computational instability would occur if not treated implicitly. In other words, the locally 
implicit approximation is applied only in cells only where and when the time-step size 
exceeds the local stability limit defined by the velocity in the cell and the cell size. At all other 
times and places, the regular conservative explicit approximation is employed. 
To prevent inaccuracies in the treatment of free boundaries the implicit advection method is 
not applied in cells that contain a moving free surface, that is, where there is a significant 
velocity component along the free surface normal. This limitation means that time-step sizes 
must be limited in their usual manner in such cells [3]. 
Also it is necessary to set conditions at all mesh boundaries and at surfaces of all internal 
obstacles to solve the finite-difference equations. At the mesh boundaries a variety of 
conditions may be set using the layer of fictitious cells surrounding the mesh. Consider, for 
example, the boundary separating the i=1 and i=2 layer of cells. The  i=1 cells are fictitious in 
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the sense that variable values are set, not calculated, in these cells to satisfy boundary 
conditions. If this boundary is to be a rigid wall, the normal velocity there must be zero. The 
tangential velocity can be set to any value for a no-slip type of wall. Thus, for a rigid wall the 
boundary conditions are, for all j, k 
(17) 
Free-slip conditions are set automatically by ensuring that all velocity derivatives across the 
wall are zero. No-slip wall conditions, including specified wall velocities, are imposed 
through the wall shear-stress model described earlier. Conditions given by Equation 17 are 
imposed on the velocities obtained from the momentum equations and after each pass through 
the mesh during the pressure iteration. At fixed velocity or fixed pressure boundaries one 
must specify inflow values for F and T, tangential velocities and the normal velocity for the 
former, or pressure for the latter type of boundary condition. These may be specified as time-
dependent functions for each edge of the computational mesh. 
It is important to note that scalar quantities are defined at the centers of the boundary cells 
which are half a cell away from the actual mesh boundary location. This affects the gradients 
of these quantities near the boundaries, which may be especially important for temperature 
and pressure calculations. The same applies to the tangential velocities at all open mesh 
boundaries (for the wall type boundaries the tangential velocities are defined at the edge of the 
boundary itself). Of course, the normal boundary velocities are always set at the edge of the 
boundary. 
Time-independent boundary conditions are set using input variables UBC(M), VBC(M), 
WBC(M), PBC(M), FBC(M) and TBC(M). Time-dependent boundary condition values are 
specified through the tables: UBCT(N,M), VBCT(N,M), WBCT(N,M), PBCT(N,M), 
FBCT(N,M) and TBCT(N,M). The TIMBCT(N) specifies the time at which the other values 
with the same first index N begin. Values are interpolated at intermediate times. Subscript M 
specifies the boundary location as follows 
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M   
1 left boundary (minimum x) 
2 right boundary (maximum x) 
3 front boundary (minimum y) 
4 back boundary (maximum y) 
5 bottom boundary (minimum z), 
6 top boundary (maximum z) 
 
Fixed pressure boundaries are treated somewhat differently from the fixed velocity case. 
When a fixed pressure boundary is requested, the mesh generator creates one additional layer 
of boundary mesh cells in which the pressures are defined. Three types of specified pressures 
are possible. If the pressure is the local static pressure, then across this extra layer of cells, 
zero velocity-derivative conditions are imposed similar to the continuative condition 
described next. If the pressure is an upstream stagnation pressure, then a zero normal velocity 
is imposed at the mesh boundary to approximate stagnation conditions. Finally, a hydrostatic 
pressure distribution in one of the coordinate directions may be imposed for incompressible 
problems. 
Continuative outflow boundaries, where fluid is to flow smoothly out of the mesh causing no 
upstream effects, are always a problem for low speed or incompressible flow calculations. 
Potentially, any prescription can affect the entire flow field. In FLOW-3D, the continuative 
boundary conditions used at the i=1 boundary, when the flow is directed out of the 
computational domain, are the vanishing of all normal derivatives, which are (for all j, k) 
(18) 
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These conditions, however, are only imposed after applying the momentum equations and not 
after each pass through the pressure iteration. Omitting these conditions during the pressure 
adjustment provides additional "softness" at the boundary that helps to minimize upstream 
effects. If the flow at a continuative boundary is directed into the computational domain, then 
all conditions given by Equation 18 are applied except for the normal velocity component, 
which is set to zero to make inward flow more difficult. When using the continuative 
boundary condition, the user should be careful to ensure that it is adequate for his purposes. In 
general, it should not be trusted if there is a significant flow entering a grid at this type of 
boundary  
For periodic boundary conditions in the x-direction, both the i=1 and i=IMAX boundaries 
must be set to reflect the periodicity. This is most easily done when the period length is 
chosen equal to the distance from the boundary between the i=1 and 2 cells to the boundary 
between the i=IMAX-2 and IMAX-1 cells. That is, two layers of cells, i=IMAX and i=IMAX-1, 
are reserved for setting periodic boundary conditions at the far side of the mesh. The mesh 
generator automatically accounts for this extra layer of cells and requires no special 
considerations on the part of the user. The conditions for periodic flow in the x-direction are 
then, at i=1 for all j, k 
 
 
 
and, for all j, k 
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where IM1=IMAX-1 and IM2=IMAX-2. These conditions are imposed on velocities computed 
from the momentum equations and after each pressure iteration. Boundary conditions similar 
to these are used at all other mesh boundaries. Of course, the appropriate normal and 
tangential velocities must be used in each case. 
The ability to specify a pressure condition at one or more boundaries of a computational 
region is an important and useful computational tool. Pressure boundaries represent such 
things as confined reservoirs of fluid, ambient laboratory conditions, and applied pressures 
arising from mechanical devices. Generally, a pressure condition cannot be used at a 
boundary where velocities are also specified, because velocities are influenced by pressure 
gradients. The only exception is when pressures are necessary to specify the fluid properties . 
There are typically two types of pressure conditions, referred to as static or stagnation 
pressure conditions.  In a static condition, the pressure is more or less continuous across the 
boundary and the velocity at the boundary is assigned a value based on a zero normal-
derivative condition across the boundary. 
In contrast, a stagnation pressure condition assumes stagnation conditions outside the 
boundary so that the velocity upstream from the boundary is zero. This assumption requires a 
pressure drop across the boundary for flow to enter the computational region. 
Since the static pressure condition says nothing about fluid velocities outside the boundary 
(other than it is supposed to be the same as the velocity at the boundary), it is less specific 
than the stagnation pressure condition. In this sense the stagnation pressure condition is 
generally more physical and is recommended for most applications. 
In many simulations there is a need to have fluid flow out one or more boundaries of the 
computational domain. At such "outflow" boundaries there arises the question of what 
constitutes a good boundary condition. In compressible flows, when the flow speed at the 
outflow boundary is supersonic, it makes little difference how the boundary conditions are 
specified, since flow disturbances cannot propagate upstream. In low speed and 
incompressible flows, however, disturbances introduced at an outflow boundary can have an 
effect on the entire computational region. The simplest and most commonly used outflow 
condition is that of a continuative boundary. A continuative boundary condition consists of 
zero normal derivatives at the boundary for all quantities. The zero-derivative condition is 
intended to represent a smooth continuation of the flow through the boundary. It must be 
stressed that the continuative boundary condition has no physical basis; rather, it is a 
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mathematical statement that may or may not provide the desired flow behavior. In particular, 
if flow is observed to enter the computational region across such a boundary, then the 
computations may be wrong because nothing has been specified about flow conditions 
existing outside the boundary. 
In FLOW-3D, a special enhancement to continuative boundaries is used to improve their 
behavior. If flow attempts to enter the computational region across this type of boundary it 
must do so by starting from condition of rest. This practice helps to reduce inflow and often 
results in a reasonable approximation of a smooth outflow condition. Nevertheless, a 
continuative boundary condition must always be viewed with suspicion. 
As a general rule, a physically meaningful boundary condition, such as a specified pressure 
condition, should be used at outflow boundaries whenever possible. When a continuative 
condition must be used, it should be placed as far from the main flow region as is practical so 
that any adverse influence on the main flow will be minimal. 
Better outflow boundary conditions exist for some classes of flow problems. For example, for 
wave propagation problems, special boundary treatments have been devised that try to 
determine the speed and direction of waves approaching the boundary and then set boundary 
conditions in such a way as to allow their continuation through the boundary with a minimum 
of reflection. The outflow boundary condition allows users to numerically investigate the 
effects of wave interactions with structures. This capability permits a reduction in the extent 
of the computing mesh needed for accurate computations. 
Open boundaries in low-speed flow calculations are difficult to define because they can, in 
principle, influence the entire computational region. For wave propagation problems, it is 
natural to seek a boundary condition that will allow outgoing waves to smoothly leave the 
computational mesh with minimum reflection. This problem is analogous to wave absorption 
in experimental wave tanks, where one wants to eliminate the reflection of waves from the 
downstream end of the tank. In these tanks a variety of techniques are used, but nearly all of 
them employ some sort of energy dissipation. Regardless of the method employed, the length 
of absorption must be at least as long as the longest waves to be trapped. 
In a computational wave tank, we are not limited by physical dimensions, so we can imagine 
a mathematical continuation of the flow in the tank beyond the end of the computed region. 
This is the spirit of the Sommerfeld radiation boundary condition, which is a simple 
mathematical continuation having the form of outgoing waves: 
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(19) 
where Q is any quantity, positive x is directed out of the boundary and c is the local phase 
speed of the assumed wavelike flow.  
To use this idea as a boundary condition, the flow should consist of wavelike disturbances 
that are propagating toward the boundary. The waves don't have to be directed normal to the 
boundary, they don't have to be linear, and no assumption about wavelength is necessary. The 
mathematical expression in Equation 19 is simply a statement that any flow quantity Q at the 
boundary will translate across the boundary with speed c. If there is no time variation, this 
condition reduces to the "continuative" boundary condition of zero normal derivative. 
To use Equation 19 as a basis for an outflow boundary condition in a three-dimensional 
computation, we must apply it to every flow variable at every location on the outflow 
boundary. The phase speed c is unlikely to be a constant because different quantities will be 
moving in different directions (e.g., surface waves don't move with the same velocity as a 
fluid particle) and waves may strike a boundary at different times from different directions. 
To account for this, we make a further assumption that Equation 19 is not only valid at the 
boundary, but also at one control volume removed from the boundary. The phase speed c is 
assumed to have the same value at both locations. This assumption allows us to use numerical 
approximations for Equation 19 at two locations: one to determine the value of c and the other 
to compute a boundary value for the quantity Q. The outflow boundary condition can be used 
for incompressible fluid flows that are confined or have free-surfaces. It can also be used for 
fully compressible flows [3]. 
The definition of obstacles within a mesh is accomplished by defining the fractional cell areas 
and volumes of these cells partially occupied by obstacles (the FAVORTM method) and by 
flagging those mesh cells that are entirely occupied by obstacles. The quantity chosen as a 
flag is the volume fraction VFijk. When this quantity is zero, the cell is entirely within an 
obstacle and all fluid calculations in the cell are eliminated. 
All interior fractional areas/volumes initially default to unity corresponding to a fully open 
mesh. The fractional areas of mesh boundaries defined to be rigid free-slip or no-slip walls are 
automatically set to zero. 
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When obstacles are defined in the input file, using the FLOW-3D geometry builder or STL 
data, the area/volume fractions are automatically calculated before the hydrodynamic 
calculations are carried out. In the program no velocities or pressures are computed in full 
obstacle cells, and all velocity components on faces of obstacle cells are automatically set to 
zero. Because of the formulation of the viscous stresses, which include fractional areas, all 
internal obstacles and mesh boundaries are represented as free-slip boundaries in the basic 
stress tensor. However, no-slip effects have been added separately, as previously mentioned, 
through the wall shear-stress algorithm [3]. 
2f) Modeling of Original project with FLOW-3D 
In this paragraph will be explain how we have modeled the original structure to reproduce the 
same hydraulic behavior of the physical model.  Also the following procedure will be used to 
modeling the new solutions of wave structure.   
We can divide the work in these phases: 
• Specify the mean structure geometry 
• Create the computational domain  
• Specify appropriate boundary conditions 
• Input fluid properties 
• Activate required physical models 
• Specify simulation finish time, time step size and Momentum advection 
• Run the simulation 
• Analyze the simulation results  
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Firstly we create a new Workspace and Simulation file in the program and then open the 
Model setup menu. 
 
 
 
 
 
 
 
Picture 2f-1: Model setup menu 
The geometry of main structure is very difficult to build using the FLOW-3D geometry 
modeler. For make it we can use RHINOCEROS. This software program is a 3-D free-form 
modeler. The Picture 2f-2 illustrates the structure drawn by it. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 2f-2: Main structure in RHINOCEROS (taken sources 8) 
Upstream 
horizontal bottom 
Downstream 
horizontal 
bottom 
Wave structure Bump structure 
Ramp
Ar
 
Th
Th
ph
im
Th
cr
ho
 
A
co
 
 
 
 
 
A
m
th
w
m
ex
Th
tificial wave f
is structure
e width of
ysical mo
portant to 
e upstream
itical depth
rizontal bo
t this point
mputationa
 Cartesian 
odified so t
e Boundari
e apply her
esh block (
tend is bas
• Minim
• Do no
level 
e dimensio
or surfing mo
 is importe
 the struct
del. The b
reproduce t
 horizonta
 at the beg
ttom is long
 the geom
l domain a
Pict
mesh block
hat it encom
es Conditio
e are in th
Picture 2f-
ed on two c
ize the siz
t minimize
is too close
ns of two b
delled with th
UNIVE
d into FLO
ure and the
ump struc
he same hy
l bottom s
inning of th
 enough to
etry of the
nd apply th
ure 2f-3: Main 
 with defau
passes the
ns (more e
e following
3). The dec
onsideratio
e of the com
 the size o
 to the up b
locks are 
e FLOW 3D 
RSITA’ DEGL
W 3-D as s
 dimension
ture, upstr
draulic con
tabilizes th
e ramp (as
 reduce the
 structure 
e mesh. 
structure and c
lt dimensi
 structure a
xplanation
 pages).  A
ision on h
ns: 
putational
f the comp
ottom of do
software prog
I STUDI DI PI
tereolithogr
 of ramp a
eam and d
ditions of th
e coming 
 in the Pic
 influence o
was specifi
omputational d
ons of 0.0 
nd extends
s about the
lso, the fi
ow the heig
 domain to 
utational d
main becau
ram      
SA                   
 
aphy (STL
nd wave s
ownstream
e open cha
flow and t
ture 1b-2). 
f final drop
ed and the
omain in FLO
to 1.0 in al
 upstream s
 type of bo
nal Box is
ht of comp
avoid unne
omain to th
se this can
                      
                        
) file (Pictu
tructure ar
 horizonta
nnel. 
he bump g
Instead, th
. 
 next step
W 3D 
l three dire
o that it is p
undaries c
 incorporat
utational d
cessary com
e point wh
 affect the r
      Chapter tw
                        
re 2f-3). 
e the same
l bottom 
uarantees 
e downstre
 is define
ctions will 
ossible app
onditions t
ed by anot
omain shou
putations.
ere the wa
esults. 
Box
o 
 63 
 of 
are 
the 
am 
the 
be 
ly 
hat 
her 
ld 
ter 
Ar
 
B
B
 
Th
en
m
W
re
de
fe
sim
R
an
is 
ru
 
 
 
 
 
 
 
 
 
Th
tificial wave f
lock 1 
lock 2 
e choice o
ough to res
esh will n
ithout know
solution wi
pth at the i
atures are n
ulation ca
esolve the g
d wave stru
a good solu
ntime.  
ere are 1.0
or surfing mo
X min = -2 
X min = 2
f mesh cell 
olve the ge
eedlessly i
ing the fl
th great pr
nflow boun
ot well res
n be re-run
eometry o
cture are d
tion. The c
50.00 cells 
delled with th
UNIVE
      X max = 2
,6     X max = 
size is an im
ometry and
ncrease th
ow characte
ecision. Ho
dary can p
olved, a re
.  
f structure
ifficult to d
ells size of
into the do
e FLOW 3D 
RSITA’ DEGL
,6 Y min
3 Y min
portant on
 capture th
e simulatio
ristics befo
wever, kno
rovide a go
start can b
is the main
raw with c
 Block 2 ca
Picture 2f-4
main. 
Block 1
software prog
I STUDI DI PI
 = 0       Y m
 = 0       Y m
e. The com
e flow feat
n runtime 
rehand, it 
wing the 
od starting 
e performe
 problem b
ubic cells. 
n be increa
: Mesh cells 
ram      
SA                   
 
ax = 0,7
ax = 0,7
putational 
ures of inte
and may 
can be diff
general cha
point. If it 
d with mor
ecause the 
The cells s
sed (0,02m
                      
                        
Z min = 0,35 
Z min = 0,05 
mesh shoul
rest. An ex
require mo
icult to spe
racteristics
is noticed t
e mesh res
particular f
ize of 0,01
) to reduce 
Block 1 
Block 2 
Block 2 
      Chapter tw
                        
    Z max = 0,6
    Z max = 0,6
d be only f
cessively f
re hardwa
cify the me
 such as fl
hat some fl
olution or 
orms of ra
m for Block
the simulat
o 
 64 
5
5
ine 
ine 
re. 
sh 
ow 
ow 
the 
mp 
 1 
ion 
Artificial wave for surfing modelled with the FLOW 3D software program                                   Chapter two 
UNIVERSITA’ DEGLI STUDI DI PISA                                                                    65 
  
Also, important is the respective positions of the two Blocks. Indeed, as we can see in the 
Picture above, the Block 2 is located to allow a better resolution of finite-difference equations 
(paragraph 2e). 
There are two ways of judging how well a computational mesh resolves the geometry. One 
way is to run the pre-processor but this can be time consuming. A quicker way is to 
FAVORize the geometry. FAVORize embeds the geometry in the current computational 
mesh and displays the result in the Display window. The resulting geometry is called the 
FAVORized geometry. 
Picture 2f-5: FAVORized geometry 
The Picture above shows the structure that is visible and it appears to be adequately resolved. 
Now we have to assign the boundary condition.  Each boundary of the computational domain 
has an associated boundary condition.  The Boundary conditions are specified in the 
Boundaries sub-tab.  There are ten boundary types in the dialog box: Symmetry, Wall, 
Continuative, Periodic, Specified pressure, Specified velocity, Grid overlay, Outflow, Wave 
and Volume flow rate 
 
 
  
 
 
 
Picture 2f-6: Boundary dialog box 
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The Wall condition is present, for all Block, in the front and in the back boundary (minimum 
and maximum Y). Downstream conditions for the Block 2 are not known except for the fact 
that the flow leaves the computational domain at the maximum X boundary so we use 
Outflow condition. 
Thank the boundary conditions, we can recreate the same upstream coming flow like            
the physical model. In the physical model, the discharge of flow that comes out of a tank is 
regulated by a weir. For make it, we use the upstream extends of the domain like a tank and 
apply the Specified velocity condition at the bottom boundary (minimum Z). With this 
condition we fix the z-velocity in each cells of the bottom of tank. The value of velocity will 
be: 
V = Q/A 
Where: 
V = Fixed velocity 
Q = Discharge, it is fixed 37,7 l/s  
A = Area of basin´s bottom, it is= 0,7m (channel´s width) x 0,7m (tank´s length)   
Then the fixed velocity is 0,077 m/s 
In the other boundaries, we fix the Symmetry condition because there are not particular 
conditions to respect.  
 
 
 
 
 
 
 
Picture 2f-7:Boundaries Conditions 
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The working fluid is water. The viscosity is 0.001 Pa-s and the density is 1000 Kg/m3         
The properties can either be entered manually or loaded from the materials database.  
 
 
 
 
 
 
 
Picture 2f-8:Fluid database 
Activate appropriate physical models is important to simulate the desired behavior. In our 
project is sure that the Gravity is important and the flow on the structure is turbulent so the 
flow is modeled as a Newtonian viscosity and turbulent. In other, we consider the Surface 
tension because the shape of wave has a strongly curved surface.  Surface tension is a 
property of the surface of a liquid that allows it to resist an external force. It is revealed, for 
example, in floating of some objects on the surface of water, even though they are denser than 
water, and in the ability of some insects to run on the water surface. This property is caused 
by cohesion of like molecules, and is responsible for many of the behaviors of liquids. 
Specify simulation finish time can be difficult to estimate because we have to found the time 
at which steady state is reached.  Without experimental or simulation data we can only 
estimate the characteristic velocity. For make it, we consider the fixed velocity at the bottom 
boundary (0,077 m/s) and the length that the water has to do through the structure (about 4 
meters). The estimate time is 
T= L/V= 51,94 sec 
We take a time of 60 seconds. 
Time step size and Momentum advection are defined in the Numerics sub-tab. It is often 
difficult to find the optimum numerical options. A trial-and-error approach is on way to test a 
model. During a simulation, the Mentor may suggest a change to the numerical options.      
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This feature provides a direct way to experiment with the numerics without the need to restart 
the simulation. Multiple changes can be made to the same options. If an improvement is found 
to the original setup, the new selections can be saved to the prepin simulation input file. In 
addition, a Restart data edit can be requested at the time of a change in case the change results 
in an unrecoverable problem. In that case, the simulation can be terminated and restarted from 
the time of the Restart data edit. The Time step controls and Momentum advection are how it 
is visible in the following Picture  
 
 
 
 
 
Picture 2f-9:Time step size and Momentum advection 
The other options in this tab are kept in default selection. 
Finally, the pre-process is done and we can run the simulation from the Simulation menu. 
The efficiency and accuracy of the simulation are indicated by the runtime diagnostics plots 
and the runtime messages. The runtime diagnostic plots that we check are: 
o Stability limit & dt: Provides a comparison of the time step stability limit 
(largest time step allowable) and dt, the actual time step being used. Ideally the 
time step dt would be the same as the stability limit but it may be smaller due 
to various factors such as excessive pressure iteration and splashing. 
o Mean kinetic energy: Provides a measure of the average mean kinetic energy 
of flow. This is a good indicator of the steadiness of the flow. 
o Volume of fluid 1: Provides a measure of the volume of water into the domain. 
If it is constant in the time it will mean that flow is steady. 
o Fluid 1 surface area: Provides a measure of the surface are of water. Also this 
is important to check the steadiness of the flow.  
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Picture 2f-10:Simulation tab 
Also, important is the Warnings and Errors button.  This shows the error and warning 
messages generated by the solver. If there are error or warning massages, this button will be 
red (Picture 2f-10). In the original project there are some warnings: 
 
 
 
 
 
 
 
Picture 2f-11:Exemple of Error and Warning Message 
• Convective flux exceeded stability limit at t =T, cycle = C, iter = I, delt = DT  
Restarting cycle with smaller time step:  Fluid fraction advection exceeded the 
Courant stability limit at the end of cycle C, the fluid was advected through a 
distance greater than CON•Δx, where CON is a safety factor, and Δx is the cell 
size. This occurs when fluid undergoes a large acceleration during the cycle, for 
example, when fluid jets after hitting a wall. FLOW-3D corrects for this by 
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backing up and repeating the time cycle with a smaller time-step size, and 
therefore, there is no loss of accuracy. After reducing the time-step, the 
calculation usually progresses without difficulty. If a few of these messages 
appear, like our simulation, it is not a problem.  
• F persistent f-packing location at t= T  x= A,  y= B,  z= C   i= a,  j=  b,  k=  c     
f=  F     Recommend reducing cfpk by factor of 10 : As noted in the previous 
paragraph, the only way F values in interior cells can change is for the velocity 
divergence to be nonzero. Therefore, in interior cells with F values less than one, 
the only way to raise F to a value one is to generate a negative cell divergence 
corresponding to a net flow of fluid into the cell. A mechanism to do this can be 
constructed by treating an F value less than one as representing the presence of 
vapour to locally reduce the pressure and force packing. In our project this 
problem can be ignore. 
• Flow is nearly steady  at t=  T:  this message means that the time of simulation is 
too much and we can reduce it. 
The ultimate goal of the simulation is to analyse the simulation results.  The results of a 
simulation can be viewed while the simulation is running or after the simulation is complete. 
To visualize the results, click on the Analyze tab. There a number of ways in which to 
visualize the results of a simulation. The available plot types are: 
• Probe: Allows individual computational cells to be displayed. 
• 1D: Results can be viewed along a line of cells in the X, Y, or Z direction. Plot limits 
can be applied both spatially and in time. 
• 2D: Results can be viewed in an X-Y, Y-Z, or X-Z plane. Plot limits can be applied 
both spatially and in time. 
• 3D: Surface plots of both fluid and solid can be generated. The fluid surface can be 
colored by flow quantities. Additional information such as velocity vectors, particles 
(if present), and streamlines can be added. Plot limits can be applied both spatially and 
in time. 
• Text Output: Restart, Selected, and Solidification data can be written to text files. 
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• Neutral File: Restart and Selected Data can be output on a user specified interpolation 
mesh. 
For our problem, the final solution is checked with 3D and 2D graphics. 
In 3D plot we can see the original structure as if it is the physical model. This plot is 
important to make a general check of simulation. 
The colour variable describes the Froude number values in each parts of flow.  On the 
upstream horizontal bottom there is a subcritical flow (Fr < 1) and at the beginning of the 
ramp there is a critical depth (Fr =1). In the following pictures we can see some illustration of 
the structure. 
 
 
 
 
 
 
 
 
 
 
Picture 2f-12: 3D view- Froude number 
 
 
 
 
 
 
 
Picture 2f-13: 3D view- Froude number 
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Picture 2f-14: 3D view- fluid depth 
 
 
Picture 2f-15: 3D view – velocity magnitude 
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2D plot is important to check the shape of liquid surface and the behaviour of water over the 
wave structure. For our work, 2D plot, in X-Z plane, is important to know the shape of wave 
and Froude number in each Y-section. 
Two sections in the first part, near the right wall, are showed in the Picture 2e-16 and in the 
Picture 2e-17. As noted in the chapter above, in these sections the structure makes just a 
deceleration of supercritical flow. Indeed, the Froude number at the top of the structure is 
more than one and the depth is less than critical one. 
Picture 2f-16: 2D view of the section y=0.015- Froude number 
 
 
Picture 2f-17: 2D view of the section y=0.095- fluid depth  
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The hydraulic jump begins in the middle part of structure (around the section between y = 
0,215 to y = 0,275). The level of water is the same of previous section. That is because the 
hydraulic behaviour of structure is like a weir with a particular shape of the crest. 
    
Picture 2f-18: 2D view of the section y=0.215- Froude number  
 
 
 
Picture 2f-19: 2D view of the section y=0.275- fluid depth  
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Also, there is a hydraulic jump and the same level of water in the end part of structure but the 
particular shape of it makes a rotation of water. 
 
Picture 2f-20: 2D view of the section y=0.365- Froude number  
 
 
Picture 2f-21: 2D view of the section y=0.395- fluid depth  
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Chapter three: Modelling of new wave structure 
3a) Introduction 
In this chapter will be illustrate the reasoning that we have followed to define a new wave 
structure.  
The FLOW 3-D simulations done are seventeen and in all of these there are the same fluid 
properties, physical models, boundaries condition and numerical options of the Original 
project (paragraph 2f). 
The geometry of the structure is imported from the RHINOCERUS software program as 
stereolithography (STL) file. This structure is obtained cutting the wave structure in the 
Original project (Picture 2e-2) and putting a horizontal bottom.  
 
Picture 3a-1: Structure view  
The blocks of new structures are located over this bottom. The blocks are built using this 
program too or the FLOW-3D geometry modeller. That is because, sometime, the 
computational mesh do not resolves the imported geometry of the structure. Then, we use the 
box primitive of program to solve it. 
Horizontal 
bottom
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Also, the computational domain and cells size are changed to adapt at the new structure. 
Firstly, we take another mesh block to reduce the computational cells upstream. Then, we 
increase the cells size of the Blocks 1 and 2 (cells size 0,02 m) . 
Picture 3a-2: Example of new mesh blocks 
In the Block 3 (cells size 0,01m), the cells are positioned to representing the solid surface 
more accurately. This Block fixes the new position of others. Especially, the upstream part of 
Block 1, where the inflow velocity is fixed, is increase. Now, the Specified velocity condition 
is                                Q/A= 0,0377/(0,7×0.844)=0,0638 m/s 
The finish time can be reduced at 40 seconds because the mean kinetic energy, volume of 
fluid and fluid surface are sufficient steady in the original project at this time.   
3b) Stage of labour 
The purpose of our work is to reproduce a wave like the original model but using a simplest 
geometry with few blocks. 
The first step is found a structure that it produces a hydraulic jump and the same height of 
water of the 
original case before 
it. For make it, we 
take three blocks to 
approximate the 
main section of 
wave structure 
(Picture 3b-1). 
                                                                                                          Picture 3b-1: New structure 
 
Block 1 
Block 3 
Block 2 
Biggest 
block 
Average 
Block  Smallest
block 
Original 
structure
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The following Pictures show the 2D plots of this new structure.  
a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
Picture 3b-2: a) near right wall y=0.025 b) middle part y=0.265 c) end part of structure y=0.355 
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In the case a, there is an oscillating jump and the width of the block is too much to recreate 
the same water profile of the original structure. In the case b, there is an undulating hydraulic 
jump but its shape is not good. In the case c, the ratio y2/y1 is too much, the jump is strong. 
However, the height of structure is good because the depth of water just behind it is the same 
of original model. 
For solve these problems, we change this new solution.  
 
Picture 3b-3: Solution A 
In the Solution A: 
• The biggest block is reduced to make a good liquid surface on it. 
• The average block is increased to modify the shape of jump 
• The smallest block is increased to reduce the ratio y2/y1. 
With this modifies there is a good shape of jump in the middle part and a little wave begins to 
form in the end. The liquid surface is better over the biggest block but there is a hydraulic 
jump in the sections near the right wall. The Picture 3b-4 shows these three parts of structure.  
 
 
 
Original 
Structure 
Solution A 
New 
Solution 
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a) 
 
 
 
 
                                                      
 
 
b) 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
Picture 3b-4: a) near right wall y=0.025 b) middle part y=0.265 c) end part of structure y=0.355 
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Now, we change the Solution A with two new solutions (Solution B and Solution C) to make 
a rotation of the wave in the end part and just a slowing of the flow near the right wall.  
                                                          
Picture 3b-5: Solution B and C 
These new solutions have a small biggest block than Solution A to reduce the depth of water 
over the average block. The smallest block is increased in width in the Solution B, instead it is 
increased in height in the Solution C.   
The latter is the best solution because it makes a very good rotation of the wave.  
 
 
 
 
 
 
 
 
Picture 3b-6: Rotation of wave in the Solution C, section y=0.425 
 
 
Solution A 
Solution B 
Solution C 
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There is not a jump in the first part like in the original case but the flow is too fast and its 
shape is not good.   
 
 
 
 
 
 
Picture 3b-7: Shape of the flow near the right wall, section y=0.015 
With the following solutions (D, E and F), we try to modify the shape of the flow near the 
right wall. 
Solution D has the same biggest block and average block of Solution C but it has two 
different smallest blocks.  
 
 
Picture 3b-8: Solution D 
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The Behaviour of the structure is not acceptable because, if we look the 2D plot, there is not a 
regular flow over the structure near the right wall (Picture 3b-9). Also, this solution does not 
make the rotation of the wave as in the Solution C. 
 
Picture 3b-9: No regular flow in the Solution D, section y=0.015 
In the Solution E, we take just one smallest block and we increase in height all blocks. That is 
because we want a better profile of water near the wall, reducing the velocity of it, but with 
the same condition of Solution C. This solution, however, is the worst of all because the jump 
occurs on the ramp and it is strong. 
Solution F has the same smallest block of the Solution C and the other blocks are increased in 
height. Also, the average and the biggest are increase in width. 
Picture 3b-10: Solution F 
These modifications make a better profile of water in the first part of the structure but it is not 
still enough. 
Solution C 
Solution F 
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Picture 3b-11: Profile of water near the right wall, section y=0.025  
 
 
 Also, the solution do not makes a rotation of the water in the end part of the structure. 
 
 
Picture 3b-12: Profile of water in the end part of the structure, section y=0.325 
After these solutions, we can see that the Solution C and Solution F are the best. The first is 
good in the end part, the second near the right wall. If we do a confrontation of these, we can 
note that the position of average block is important to obtain a good shape of wave.             
The hydraulic behaviour of it can be likened to an obstacle in the open channel         
(paragraph 1a). 
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The supercritical flow passes the smaller block in the first part, near the right wall, and in the 
middle part of the structure. After that, it has to pass the average block. The flow has 
sufficient energy in the first part in both solutions. Here, the position and height of the 
average block is important to make a good shape of water.  
a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
Picture 3b-13: Profile of water in the first part of the structure,  section y= 0.055  a) Solution C  b) Solution F 
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The flow has to have an increase in height to pass the obstacle in the middle part of the 
structure. There is a jump behind this block. The relative position of the smaller and the 
average blocks make different kind and shape of jump.  
 
a) 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
Picture 3b-14: Profile of water in the middle part of the structure, section y=0.145 a) Solution C  b) Solution F 
 
Also, the position and height of the average block are important to make a rotation of the 
water in the end part, where there is just the smallest.  
The behaviour of the biggest block is like an obstacle in the channel, when the flow has 
enough energy to pass it. Here, the width of it is important to make a shape of the water as the 
original case 
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After that, in the new solution, Solution G, we make some change at the average block and at 
the biggest ones in comparison to the Solution F. 
Picture 3b-15: Solution G 
With this solution, the shape of water is acceptable in the first part near the right wall and the 
wave is better than the Solution F in the end part.   
a) 
 
 
 
 
 
 
b) 
 
 
 
 
Picture 3b-16: Profile of water Solution G a) near right wall, y=0.045  b) end part, y=0.355    
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With the Solution G there is not the rotation of wave. In the following solutions (H, I and L), 
we keep the same height and width of the three blocks but we try to make the rotation 
reducing the length of them. 
In the Solution H, we just reduce the length of the smallest block in comparison to the      
Simulation G. 
 
Picture 3b-17: Solution H and Solution G 
 
The differences between the Solution H and the Solution G are in the middle part and in the 
end part of structure. The Solution H makes a better regular shape of the flow than the 
Solution G in the middle part. This profile is similar to that of the Original project. The 
following Picture shows the differences between these three. 
 
 
 
 
 
 
Solution  G 
Solution H 
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a) 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
Picture 3b-18: section y=0.185  a) Solution G  b) Solution H  c) Original model 
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Also, the rotation of flow is better in the Solution H but it is not as good as in the Solution C  
a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
Picture 3b-19: section y= 0.375  a) Solution G  b) Solution H  c) Solution C 
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In the Solution I, we just reduce the length of the average block in comparison to the      
Simulation H. 
 
Picture 3b-20: Solution H and Solution I 
The wave in this case is like to that previous. We prefer the Solution I because we can use a 
less average block and get the same behaviour of the Solution H. 
In the Solution L, we reduce the length of the biggest block.  
 
Picture 3b-21: Solution L and Solution I 
Solution H 
Solution I 
Solution I 
Solution L 
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Compared to the previous case, the Solution L makes a better rotation of flow. However, this 
rotation is not good as in the Solution C. 
 
a) 
 
 
  
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
Picture 3b-22: Rotation of the water section y= 0.415   a) Solution L   b) Solution C 
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Now, we try a new solution to involve the behaviour of structure. The Solution M is a mix of 
the two best solutions, Solution C and Solution L.  
Indeed, we take the same biggest block and smallest block of the Solution L but two different 
average blocks. The average block near the right wall has the same high and width of that of 
the Solution L but its length is less than this solution. The other average block is locate in the 
same manner as the Solution C 
                                                                                   
 
 
 
 
 
 
 
 
 
 
Picture 3b-23: blue)  Solution L   yellow)  Solution C   cyan blue) Solution M 
 
This solution makes a great wave because it is like the Solution L near the wall and it has a 
rotation of water similar to the Solution C. The following Picture shows this last difference. 
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a) 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
Picture 3b-24: Rotation of water section y=0.425   a)  Solution C   b)  Solution M    
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The Picture 3b-25 illustrates the 3D view of the Original project and the Solution M, which it 
is the best so far. 
a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
Picture 3b-25: 3d view- velocity magnitude   a)  Original project   b)  Solution M  
If we comparison the two solutions, we can see that the Solution M has a strong turbulence 
flow near the left wall of channel. In each model, the flow is directed toward the structure 
from the ramp. In the Original model, the regular shape of structure makes an easier water’s 
passage over it. A part of this flow passes near the left wall.  
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The structure of Solution M makes a difficult water´s passage over it; the flow that it crosses 
the lateral part is more than the Original project and creates turbulence. 
With the following Picture, we can see the different behaviours of lateral flow in the two 
models.  
 
 
 
 
 
 
 
 
 
Picture 3b-26: z-view turbulence dissipation   left) Original project   right) Solution M    
The water turbulence does not allow the final rotation of the wave. For remove this 
turbulence, we can increase the water´s passage over the structure.     
With the Solutions N and O, we increase the structure putting another smallest block. 
 
 
 
 
 
 
 
Picture 3b-27: Solution N and Solution O 
 
Solution N 
Solution O 
Turbulence 
of 
Flow 
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Picture 3b-28: z-view turbulence dissipation   left)  Solution N   right)  Solution O   
The Picture above shows the difference of two solutions. The Solution O reduces the 
turbulence but there is not the rotation. Solution N has less turbulence than the Solution L 
near the end part of the structure but the rotation is not good enough. To allow this rotation, in 
the Solution P, we cut a head part of the average block and the smallest block  
 
In the Solution P the changes compared to the Solution N are shown in the following Picture. 
 
 
 
 
 
 
 
 
 
Picture 3b-29: turquoise) Solution P   red) Solution N 
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Here, the wave is better than the preavius solution because it is almost close to full rotation 
like the Original project. 
a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
Picture 3b-30:section y =0.435  a) Original project   b) Solution P 
 
However, the lateral turbulence is still to much and disturb the wave. 
For riduce this lateral flow, in the Solution Q, we cut the blocks in the back side of structure 
to increase the discharge over it. Indeed, how we can see in the paragraph 1c, the hydraulic 
behaviour of the structure is like a broad crested weir. If we reduce the dimension of the 
blocks, the hydraulic behaviour become like a narrow crested weir and the coefficient of 
discharge increase.  
 
Artificial wave for surfing modelled with the FLOW 3D software program                                   Chapter three 
UNIVERSITA’ DEGLI STUDI DI PISA                                                                    99 
  
 
 
 
 
 
 
 
 
Picture 3b-31: Solution Q 
The surfing wave in this solution is acceptable but there is not the full rotation.               
The problem is still the flow turbulence near the left wall.  
With the Solution R, we try still to increase the discharge on the structure. To obtain it, we 
reduce still the back side of the structure.  Indeed, if we look the 3D view of the model, we 
see that the flow on this part of structure it is not regular like the original model. This fact 
reduces the coefficient of discharge of the structure. The Picture 3b-33 shows the difference 
between Original model and Solution Q. 
  
 
 
 
 
 
 
 
 
 
Picture 3b-32: Solution R 
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a) 
 
 
 
 
 
 
 
 
 
  
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 3b-33: 3d view- velocity magnitude  a) Original project  b) Solution Q 
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With these changes, the wave is “cleaner” than the previous solution. Indeed, the transition 
from supercritical flow to subcritical flow is very gradual near the structure. Also, the lateral 
flow is less turbulent. 
The following Picture shows the comparison between the Solution R and the Solution Q 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 3b-34: 3d view  a) Solution Q  b) Solution R 
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The Solution R reproduces a wave as to that of Original model. The following Pictures show 
the confrontation between these two structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 3b-35: a) Confrontation between the Original model and the Solution R   b) Dimensioning of the Structure  
Artificial wave for surfing modelled with the FLOW 3D software program                                   Chapter three 
UNIVERSITA’ DEGLI STUDI DI PISA                                                                    103 
  
 
 
 
 
Picture 3b-36: a) Confrontation between the Original model and the Solution R  b)  Dimensioning of the Structure  
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The following Pictures show the confrontation between the waves in the Original and          
the Solution R, in 2D and 3D view. 
 
 
a) 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
Picture 3b-37: Profile of water in the first part of the structure, y= 0.025 a) Original model  b) Solution R 
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a) 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
Picture 3b-38: Profile of water in the middle part of the structure, y= 0.275 a) Original model  b) Solution R 
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a) 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
Picture 3b-39: Profile of water in the end part of the structure, y= 0.405  a) Original model  b) Solution R 
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 3b-40: 3d view of this three parts  a) Original model  b) Solution R 
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In the following table are the summary of all Solutions: 
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3c) Final Solution 
As can be visible in the previous paragraph, the Solution R is our project of wave structure.   
In this solution, as in the other, the size of the mesh of the numerical model are a compromise 
between obtain accurate solutions and reduce the resolution time.   
In this paragraph, we reduce the grid spacing to obtain a better numerical model of the final 
solution and check if the previous computational mesh represented well the physical behavior 
of the wave.   
To resolve the main structure, we reduce the cells sizes of Block 3 and of Block 1. The cells 
sizes of Block 2 are kept the same. For a better resolution of finite-difference equation, we put 
another Block between the Block 3 and Block 2. 
 
Picture 3c-1: Mesh cells 
There are 4.141.340 cells into the domain 
Block 1  Cells size  0.01m  
Block 3 cells size 0.005m 
Block 4 Cells size 0.01m 
Block 2 cells size 0.02m 
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For judging how well a computational mesh resolves the geometry, we use the FAVORize 
geometry. The following Picture shows the structure that is visible and it appears to be 
adequately resolved. 
 
 
 
 
 
 
 
Picture 3c-2: FAVORized geometry 
As we can see, the structure is resolved very well by the computational mesh. 
The wave that we obtain is visible in the following Pictures. There are some changes than the 
Solution R in the previous paragraph but the physic behaviour is the same.  
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a) 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
Picture 3c-3: a) sections near the right wall, y= 0.0275  b) middle part, y=0.2775 c) end part of structure, y=0.04075 
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Picture 3c-4: 3d view of Final Solution 
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Conclusions 
The Solution R is surely the result that we are looking for because it recreates a wave as the 
oceanic with a simple structure. Indeed, how we can see in the Picture 3b-35 and             
Picture 3b-36, this position of the blocks is not difficult to recreate in full-scale. 
However, the wave is recreated by the structure has not a perfect shape like the Original 
model everywhere. In the first part of structure near the wall (Picture 3b-37), the new 
structure decelerates the flow like the original model but it makes a no regular profile of 
water. The perfect conditions of the Original model are very difficult to recreate just with 
three blocks. One possible enhancement is use more blocks to build a structure like a stair in 
this part. With this “stair”, it will makes an increase of the depth of water more gradual but its 
presences may disturb the wave in the other parts and this geometry is not as easy as in the 
Solution R. Also, the rotation of water in the end part of structure is worse than the Original 
(Picture 3b-39). Here, the block structure produces too much turbulence of the water and the 
rotation is not as it should.  
Anyway, in the Solution R, the wave is good. This solution can be a starting point for more 
studies. For example, we can from this geometry to find a more complex that might 
approximate better the wave of the Original case or study the interaction of the metallic 
gabions with the wave. 
Finally, we have to say that the FLOW 3D software program simulate very well the real 
behaviour of the free-surface flow but it is an approximation of physical case. Indeed, in every 
solution, we try to resolve the geometry and capture the flow features of interest with a fine 
mesh but, if it is excessively fine, the simulation runtime increase and require more hardware. 
For this, the flow, the ramp and the structures are not perfectly reproduced by the 
mathematical model everywhere. The structure has to be verified with a physical model, 
especially where the flow is turbulent, because the mathematical model cannot be 
approximated very well this part. 
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